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ABSTRACT 

Oxygen, nitrogen, and nitric oxide gases were passed through 

a system co;nsisting of a tungsten filament, an ion gauge, and a mass 

spectrometer. The ion gauge reco.rded total pressures and the spec-

trometer recorded partial pressures of o 2 , N 2 , NO,CO,,C0
2

;·anq H 20. 

From the way these pressures changed with filament temperature,. the 

rates of conversion of 0 2 to volatile tungsten oxides and 0, and of 

NOto volatile tungsten oxides N 2 , 0 2 , .and 0 were computed. The 

time rate of resistance ·change in the filament was u~ed to compute the 

rate of conversion of tungsten to tungsten oxides. The filament tempera

tures ranged from 1950 through .2600 °K and. gas pressures ranged 
-8 -6 from 10 to 10 .atm. 

For the tungsten-oxygen reaction, the rates of tungsten and 

oxygen loss were found to depend upon oxygen atorri concentration on 

the surface. The. rate of.oxide formation depends upon oxygen pres sure 

to the l.to L.5 power, dependi'ng upon the concentration ofoxygen atoms 

on the surface. The reaction rate at constant oxygen pressure decreases 

·with. increasing temperature. For calculational purposes, the tungsten 

oxygen gas molecules were assumed to be · wo3 only, though . wo2 and 

·. WO are other possible products. The apparent activatim energy for 

the formation of wo3 decreases from 14 to -20 kcal/mole .as the con

centration of oxygen atoms decreases, because of the competing pro

cesses of oxygen molecule desorption from the surface . 
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The rate of r~ac.tion of nitrog~n with tungsten was found to be 

Jess than could be measured under the conditions of this study, 

The rat'~: of decomposition of nitric oxide was found to depend 

upon the number of adsorption sites available on the surface, and the 

.. 

rate is controlled by the adsorption ofa molecule on a site. The overall ~-

rate decreases with increasing pressure and has an activation energy 

of 35.2 kcal/mole, 

The rate of tungsten loss at constant nitric oxide pres sure was 

found to increase with increased temperature, The apparent;a:C:tivation 

energy for the process increases from 0 to about 50 kcal/mole as 

pressure decreases, 

Atomic oxygen is evolved from the tungsten filaments at me as

urable rates above 2000 °K for both the 0
2 

and the NO reactions. 

Tungsten can be made carbon-free by heating it in pressures of 
~8 

oxygen near 10 .p.tm for 20 to 50 hours. 

Equations were derived to describe .the rates of tungsten oxide 

evolution and monatomic oxygen formation as functions of temperature 

and of pressure of 0
2 

or of NO. 
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I. APPARATUS AND METHOD OF STUDY 

A. Introduction 

In recent yea~s, attempts have .been rp.ade to use refractory 
. . . ~ '• 

. metals under oxidizing conditions of varying, degrees of severityo It 
. . . . ; 

has been found that in general the refractory. metals andthei·r alloys 

must be coated in order to achieve anydegree of oxidation resistanceo 

However, there has been some indication in the literature that the rate 

of oxidation of tungsten as reduced markedly at sufficiently low pressures 

and high.temperatu~es, 1 -~ , and there is some indication ~hat other re

fractory metalswhich have vo.iatile oxides behavein a similar manner. 

Much less is understood of the kinetics of gas -solid reactions 
. . : 

under low pressures and high temperatures than is understood for such 

reactions under more conventional conditionso In the gas-solid re-. 

actions usually studied, the rate-determining step is commonly passage 

of a reactant or product through a surface layero , ~xcept for tungsten, 

molybdenum, rhenium, and the platinum metals, ,the oxidation products 

are relatively volatileo Under low pres~ures and high temperatures the 

rate-controlling reaction for Sll,Ch metals must become con.densation of 

the gaseous reactant, formation of a surface complex, or evaporation 

of a reaction producL Low-pressure-high-temperature studies can 

provide kinetic data on processes that have been little studied and are 

little understood. Improved understanding of the kinetics of reaction 

of any of these refractory metals with oxygen and othe~ gases at high 

temperatures and low pressures will be of both theoretical and practical 

interest. 
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Bo Principle of the Experiment 

It was thought desirable to observe the oxidation to temperatures 

as high as 2600 °Ko Resistance heating of the samples in the form of 

filaments .appeared to be the most satisfactory means of reaching such 

high temper.atures under controlled conditionso 

Known gas temperatures and known collision probabiliti~s were 

desiredo These quantities could be most conveniently fixed if the gase

ous reactant were passed .at a known low pressure and flow rate into a 

reaction vessel of fixed wall temperatureo Under these conditions, 

each gas molecule can strike the filament only once before .again 

striking the cold reaction~ves sel walL As a consequence .the reaction 

gas is always at the temperature of the vessel wallso The collision 

frequency of the gas molecules with the filament is readily calculable 
.. 

from the kinetic theory of gases, and the reaction probability per col-

lision can also be calculated" Restriction of gas pressures to the 

molecular streaming range places a maximum limit in pressure at about 
~6 . -6 

10 atmo Fortunately it is easy to measure pressures below 10 atm. 

with a hot-filament ion gaugeo 

Tungsten was chosen as the metal to be investigated because 

the electrical properties have be·en thoroughly studied, and the tempera~ 

ture dependence of the electrical properties has been reported by Jones 
4-6 

and Langmuiro ·· Furthermore, tungsten in filaments is readily 

availableo Oxygen was chosen as the first reacting gas because there 

have been some studies in the tungsten-oxygen system, 1-3, 7 ~ 14 so 

that. the reliability of the data obtained could be evalu.ated by comparison 

with previous work" Nitrogen and nitric oxide were chosen .as other 

gases for study" 
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C. Description of Apparatus 

1. . Vacuum System 

The vacuum system consisted of a stainless steel reaction 

. vessel,. two cold traps, and .a pumping system. The schematic dia

gram in Fig. 1 illustrates the arrangement of the components of the 

system. The mercury diffusion pump was a Consolidated Electro

dynamic.s Corporation Type MHG-50, with .an intrinsic pump speed 

of 100 liters per second. .This pump was backed by_ a Welch_Duo-Seal 

vacuum pump that had a capacity of 21 liters per second. On top of 

the mercury. pump was a stainless steel cold trap that had a liquid 

nitrogen capacityof about 3 liters. Below the liquid nitrogen container 

was located .a helical spiral of 1/ 4-in. stainless steel tubing. This 

geometry prevents mercury molecules from reaching the cold trap 

without first striking the water-cooled line. The spiral thus served 

as a baffle so that the 'length of time the trap would hold liqui,d nitrogen 

. was greatly increased. The liquid nitrogen container was made of thin

walled stainless steel about 0.0150 in. thick, with.a 1/2-in. gap between 
' . . ' 

the container -and the outer shelL The cold trap was put together by 

use of a rubber 0- ring. Stainless steel and copper tubing, 1.5-in. led 

from the cold trap to an electrically operated solenoid valve .. This was 

a .Veeco Type R-1505 high-vacuum valve. From the valve, the tubing 

,went into a copper cold trap, liquid nitrogen capacity about 1 liter, 

with a stainless steel neck to decrease nitrogen loss. This ~rap also 

was assembled with a rubber 0 ring. From this second cold trap the 

tubing led to a Vee~o Type .R-150S valve. Just in front of the valve 

was located the mass spectrometer outlet, along with .a Veeco Type 

RG 75K ion tube. Also located here was a L25-in, stainless steel 

tube leading to a small pumping orifice .in the reaction.vessel. From 
. -I 

the valve, another 1.25-in. stainless steel tube l~d to the reaction 

vessel,, whose purpose was to shut the flow of gas from the large pump 

orifice and divert it through the small one. The reaction vessel was a 

tank 8. 5 in. in diameter by 11 in. long. The filament electricaL leads 

were brought in through ru.bber 0-ring seals at the top of the vessel. 
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Fig. 1. Schematic diagram of the apparatus. 
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Halfway down the vessel were located an ion tube (Veeco RG 75K) and 

a sight tube, The ion· tube was placed so that it wa~. perpendicular to 

the plane of thefilament loop;. and the sight' tube was located in the plane, 

There was a copper baffle between the iontube and the vessel to keep 

stray electrons. and charged particles out of the tube .. The base of the 

-reaction vessel was connected to the tank by rubber 0-ringseals. 

The gas inlet was in the center of the .base plate .. A small turret 

located .at the top of the inlet tube forced the gas molecules to strike 

the reactioh--vessel wall before striking the filament. This arrange

ment helped to oxidize the filament uniformly. The gas inlet was 

connected to the flowmeter by a needle valve, which in turn was con= 

nected to the gas container, 

The filament was suspended .as a loop about 45 em. long. It 

was connected by molybdenum connectors, o·. 75 in. in diameter by 

LO in. long, These in turn were connected to 3/16-in..-diameter copper 

rods that passed out through a kovar-glass seal to the power supply. 

The glass-to-metal seal was soldered to an 0-ring seal. 

All the rubber 0 rings used in the reaction vessel were care

fully heated in air to 100 °C for 1 hour, then put in place without 

benefit of grease. This treatment, according to Young, 
15 

virtually 

. eliminates hydrocarbon .contamination from the 0 ring. 
. 0 • 

The vessel could be heated to about 525. K by a Kanthal A 

heater wound .around it. The 0 rings as well as the sight tube and 

ion tube were water-cooled. By means of a cooling.line on.the reaction 

vessel, its temperature .could be held constant during the experiments. 

The .volume of the reaction vessel was 11.7 liters. The minimum 

pressure reached after outgassing the vessel for several days was 

4X1o-
10 

atm. A vacuum of. 10-.9 atm was considered adequat~ to start 

the experiments. 

The vacuum system was interlcrcked with safety devices. If 

the water flow stopped during a test, a thermal switch on the diffusion 

pump was activated and the electric solenoid valve closed,. to isolate 

the reaction vessel from the diffusi·o~ pump. A thermocouple pressure 

gauge located next to the mechanical pump was used to ~perate a 
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'/ -' 

Veeco. Type TC vacuum controller, . vyhich shut the system down if the 

pressure became too high. An automatic device kept the l~quid nitrogen 
- . ' ··.;· . 

traps filled .. If for any reason the cold traps ran out of liquid nitrogen 

.the system shut down. 

Alternating .current was supplied to the filament. This current 

was stabilized by a 1-kva.Sola transformer_to within 1/4o/o at 117 volts. 

Voltage was regulated by a Superior Electric 5.~kva powers:tat~. The 

secondary winding o~ a 5-volt :transformer was plac.ed in series with the 

filament. This transformer was operated by a Brl.s~ol Electric 1-kva 
\ ' . . 

powerstat to obtain fine power adjustments. The voltage and current 

. were measured by General Electric Type AP-9 meters whose accuracy 

was 3/4o/o of the full-scale value. Front the meters, the power was led 

into the filament. .With this arrangement, the temperature ofthe filament 

could be .maintained .to within ± 15° at 2800 °K,. and a change in tempera

ture of lessthan 5 °K could be readily detected. 

The bottom of the reaction vessel was connected to the mechanical 

puil'lp through a series of valves. This arrangement allowed the vacuum 

in the vessel tq be broken while a vacuum was maintained in the dif

fusion pump. 
-t 

. A mercury diffusion pump was used after it was found that the 

oil diffusion pump was introd:ucing measurable quantities of oil into the 

reaction vessel. Tungsten absorbs carbon so readily that any hydro

carbon at all in the reaction vessel caused contamination of the filaments. 

2. Gas Supplyand:Flowmeter· 

The gas container. was a glass bulb of 2 liters capacity. Copper 

tubing connected the bulb to.the'vacuum system and flowmeter. The 

bulb was also connected.to. the ·mechanical pump through a series of 

valves. 

The bulb was evacuated before gases were introduced through a 

·needle valve from .a gas. cylinder. These gases were introduced through 

a cold trap, to. 'remo.ve water.·· .The container was flushed several times 
/ 

with th~ gas to ensure .that .no. impurities were added. A dial gauge located 

close to the container.. measured the. gas .pressure. The container was 

... 
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connected to the reaction vessel through .a needle valveo The volume of 

gas in .the container was large enough so that flow rate and gas. pres sure 

changed very little duringan experiment. The gas pressure in the con

tainer was maintained at about 1 atmosphere.. A mercury manometer 

was used to measure .the gas pressure accur-ately, 

The flowmeter was based on a design .of Ehlers which permits 

the measurement of low flow rates. 
16 

The amount of gas admitted into 

the system was determined by the rate at which a mercury plug .moved 

through a horizontally mounted glass tube of calibrated volume. The 

tube was connected to Lucite ends through C'- ring seals (Fig .. 2). Lucite 

was used so that the mercury could be visually observed. ·All the metal 

parts were of stainless steeL 

To start measurement of the flow rate, the screw plunger was 

ra.isedo This procedure placed a plug of mercury-at the entrance of the 

capillarytube, thus sealingit off. As gas contiriued:1 to flow into the 

vessel, a pressure differentiaLbetween the two sides of the mercury 

plug was established .. _When sufficient force was exerted on .the mercury 

plug to overcome. the friction between the glass tube and mercury, .the 

plug started to move along the tube. With the aid of a vib'rator placed 

on the tube, the frictional forces were reduced to a negligible value. 

The rate of flow of the mercury plug along the tube was measured 

with Cl. stopwatch and a linear scale placed behind the tube. The quantity/ 

of gas flowing, Q, was given by Q = PV, where Q is the rate of gas 

flow (1-atm/sec), P is the pressure of the gas, and V is the.volume 

flow of gas. The flowmeter measured the volume of gas flowing per 

second, so that Q has the units of liter-atmospheres per second; The 

pressure inthe flow system was m~intained at about 1 atmosphere, and 

the flow rate was foun,d by measuring the time necessary for a plug of 

mercuryto flow 8 inches along the capillary. 

After passing through the capillary, the mercury plug dropped 

into a reservoir. When the reservoir became full, a valve was opened, 

. allowing the mercury to return to the plunger mercury reservoir through 

a small stainless steel tube, 
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The pressure in the flowmeter was measured with a mercury 

manometer. 

3. Mass :Spectrometer 

A Consolidated. Vacuum Corporation Type 21-620 mass spectra= 

meter was. connected to the vacuum system, as shown in' Fig. 1, by 3 ft 

of 3/4-in. copper tubing. The inlet to the cycloid tube was altered 

slightly to increase the sensitivity of the mass spectrometer. The 

gold-molecular 1VJ.eak 11 of the mass spectrometer was replaced by a 

larger 1/4-in. hole. Since the vacuum system never had a pressure 
-6 greater than 10 atm, the pressure in the mass spectrometer always 

remained· well below O.lJ-L. A Veeco Type L-62S high-vacuum valve was 

. placed between the vacuum system and the mass spectrometer so that 

the latter could be isolated from the .vacuum system. 

A rhenium filament was used as the electron .source in the' cycloid 

tube because rhenium does not oxidi:z;e as badly as does tungsten in 

oxygen. The electron .current was maintained in the range 20 to 40 ma. 

The amplifier gain was raised as high. as possible to get maximum 

sensitivity. 

Since the mass spectrometer was far removed from the reaction 

vessel, only noncondensable gases could be detected. The minimum 

detectable gas pressure in the reaction vessel was 10 "" 9 atm. 

This mass spectrometer was provided only-with an activated 

charcoal trap, and the water background was rather high. When the 

mass spectrometer was opened into the vacuum system in which liquid 

nitrogen traps were used, the water background decreased. The liquid 

nitrogen trapping is believed to have maintained the water partial 

pressure in the reaction vessel at a negligible leveL 

The mass-spectrometer output was recorded on a Va·rian G.;.lo 

Graphic. Recorder which had chart speeds of 1 and 2 in. /min .and a full

scale deflection of 10 mv. 

In order to use the mass s,pectrometer to determine partial gas 

pressures in .the reaction vessel, it was necessary to calibrate the output 

as described in section D-3 .. 
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D. Calibration of Equipment· 

1. Flowmeter 

To calibrate the capillary tubing for the flowmeter, the weights 

of ~olumns of mercury of carefully determined lengths were measured. 
. . . 3 

The tubing was very rmiform, and its volume in 8 in. was 1.05 em /in. or 

0. 1 31 em 
3 
/in. 

2. Pump Speed 

The pump speed of a vacuum system at a reaction vessel some 
. . 17 

. distance from the diffusion pump can be determined as follows: 

The net removal of gas from the system is given by Q :=. SPP.,;Q
0

, 

where Sp is the intrinsic pump speed, a
0 

is the rate at which gas is 

returning from the pump to the reaction vessel, and P is-the gas 

·pressure .. When the limiting pressure P
0 

is reached, Q is 0. There

. fore, . 0
0 

= S P 
0 

and Q = SP, where S is the effective pump speed. 
p . 

SettingS= QjP, we haveS= S (l-P
0
/P). For P > lOP

0
, .S:::::: S .. 

p ' . p 
The int·rinsic pump· speed is 'li'sually given by the manufacturer as a 

function of backing pressure. To obtain the pump speed at the reaction 

vessel, the kinetic theory of gases must be usedt6 calculate the rate of 

gas flow through the connecting tubes. The relation. 

l 1 + 1 s=s F 
p 

can be readily derived,_ where_ S is the pump speed at the reaction vessel 

and F is the conduc,tance of gas through the tubing between the pump and 

the reaction vessel. Rearranging the equation, we find the pump speed 

is givenby 
SF . 

s- p 
· - S +F 

P. 

By this method, the conductance to the reaction vessel was

calculated to be 13 liters/sec.: The conductance can be calculated only 

. to within a factor of 2 or 3; so the pump speed can be calculated only to 

withina factor of 2 or 3. With the intrin:sicpurrip speed of 100 i./sec 
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for the diffusion pump,. the calculated pump speed at the reaction vessel 

was 11 £/sec. However, the true pump speed must be less than this 

value because the calculation neglects the impedance by joints and cold 

traps in the line. 

The pump speed can also be calculated by the rate of pres sure 

drop, or constant-volume, .method. Gas is leaked into the reaction 
. -6 

vessel until a pres sure of about 10 atm is reached .. Then the leak is 

closed off and the rate of pressure drop is measured; This rate is . . - . 

related to the pump speed by the relationship -dP/dt. = EP/V, where 

.-dP/dt is the rate of pressure drop, V is the volume ofthe vessel, 

]!; is the rate of exhaust, and P s. is the minimum obtainable pres sure. 

The rate of exh~:mst is given by E = S(l-P IP). Therefore, for . s 
P > > P , E = S and s .. 

~ log(P-P ) 
s 

LSt 
s = 4.3V 

The slope of the graph, pressure vs time, is S/2.3V . 

The volume of the reaction vessel was l L 7.1. and the pump speed 

was found to be 3. 7 I./ sec for the linear portion. Since gas is evolved 

from the walls during a test, the measured pump speed is always less 

than the actual speed. 

A third method employed in this study was the constant-pres sure 

method. In this method,. the rate o'f flow of gas into the reaction vessel 

is measured while the vessel is opento the vacuum pumps and the steady

state pressure is determined. The flow rate Q is related to the pump 

speed by the relation Q = PS in the region of the investigation. A plot 

of flow rate vs pressure yields the pump speed (see Fig. 3). By this 

method, the pump speed was found to be 4.00±.30 J.jsec. The pump speed 

of the mass spectrometer was about 0.30 1/sec. The pump speed of the 

small orifice was 0.60 J. /sec . 
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3. ~ass Spectror.neter 
/ 

To convert the output readings fror.n the r.nass spectror.neter for 

· · each gas to a pressure, . it was necessary to calibrate the output as a 

function of pressure in the reaction vessel. This was done by introducing 

pure gases into the syster.n, and r.neasuring both the reaction vessel 

pressure with the ion tube and the corresponding output fror.n the r.nass 

spectror.neter. 
r 

Studies were r.nade for the gases nitrogen, oxygen, nitric oxide, 

carbon r.nonoxide, argon, and carbon.dioxide. Figure 4 is a graph of 

the resulting calibrations. The pressures read by the ion gauge were 

not quite correct, because its. sensitivity to gases varies fror.n one to 

another. This .sensitivi,ty error did not affect the calibration except 
. -~ . . 

that it displaced the curves by sr.nall amount~. As can be seen fror.n 

the graph, the logarithr.n of the output is a linear function of the 

· logarithr.n of the pres sure; All the calibration _curves are bunched to

gether, except for carbon dioxide. The output of the r.nass spedror.neter 

was r.nuch lower for a given carbon dioxide pres sure than for the other 

gases, a difference due to condensation of carbon dioxide in the cold 

trap, which was placed close to the r.na~s: spectror.neter outlet. 

The calibration of the r.nass spectror.nete.r: had to be checked 

daily in order to ascertain that it had not shifted. 

-··' 
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Fig. 4. Relative output of the mass spectrometer as 
a function of the gas pressure in the reaction vessel. 
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E. Temperature Determination 
. . . . 

At the outset of this investigation,. an attempt. was made to read 

temperature with an optical pyrometer. Since the diameters of tl?-e fila

ments used were about 10 mils, it was very difficult to get reproducible 

·readi!lgs optically. The reproducibility was found to be no better than 

±50 °K. A more difficult problem was to estimate t~e emissivity cor

rection. The tabulated emissivity data for tungsten l'B are for filaments 

enclosed in glass vessels, arra~ged axially along the vessels, and wi!h the 

pyrometer sighted perpendicular to the surfaces. The apparent emissiv

ity of filaments in the metal vessel would be modified by reflection of 

radiation from the vessel walls; furthermore, the sight direction was 

not perpendicular to the filament. 

A more satisfactory method of temperature determination was to 

use the known dependence of resistivity on temperature. 
4

-
6 

. The Junction_ VI
1

/
3 
/L depends upon temperature in a known. 

manner (Fig .. 5). but it does not depend upon the filament diameter, and 

therefore can_be used to maintain constant temperature even when the 

diameter is changing. Langmuir •found this relationshipto be valid for 

resistance changes of at least 190o/o. 
7 How~ver, cooling of the ends of 

the filament reduces the length of the filament over which temperature is 

constant._ This relationship, therefore, gives an average temperature 

that is a little lower than the true temperature over most of the length 

of the filament. 

Another relationship known as a function of temperature is I/d
3

/
2

, 

which does not depend upon length (Fig. 5). This relation gives the true 

. temperature of any_ portion of the filament regardless of the end effects. 

Because the diameter changes continuously during an oxidation test, this 

relationship is difficult to apply. 

In order to use the datatabulated by Jones and Langmuir for an 

ideal tungsten filament; 
4 

a study w'as made of 'end effects as a function 
' . ~ . . . . ' 

of temperature. A microscope with a Bausch and Lomb micrometer 

eyepiece was used to measure the filament diameters. The diameter 

. ,v 
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Fig. 5. Specific characteristics of ideal tungsten filaments 
(~ee Jones .and Langmuir, reference 4). 
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o.f a burned filament was found to be uniform to ±Oo00025 em over the 

_entire length, except within. a .few centimeters of the connectors. The 

length of this nonuniform section was found to depend upon.the temperature 

of the filamenL That it also d~pends upon_the diameter of the filament 

··was shown by Forsythe and Worthing, 
18 

but only 0.025-cm-diam filaments 

were employed inthis studyo The end effects were found to be the same 
I 

at each connector, so that it is possible to denote the total en.d effect for 

a filament. as ~Lo . Figure 6 shows the r§gion of a filament where the 

. diameter changes 0 • As can be seen, the filament remained uniform close 

to the connector, where little oxidation occure.d, because the temperature 

was low. At increased distance from a connector the temperature was 

higher, and decreases in diameter were produced. The temperature 

was constant over most of the filament length and in the uniform

temperature regionthe diameter was uniform. 

Figure 7 is a graph of the llength.·ofLthe temperature gradiant 

for a number o.ffilaments oxidized at different temperatureso As can 

be seen,. the length of the temperature gradient decreased as the tempera

ture increased. 

A simple method was. devised to calculate .the temperature of 

the uniform hot zone of the filament from the voltage arid current., A 

filament was oxidized at constant temperature by maintaining the relation 

. VI
1

/
3 
/L0 constan,to The final diameter could be measured as well as 

the final current,, therefore the relation I/d
3

/
2 

then gave the true 

temperature over the effective length, Leff' which was higher than that 

given _bythe relation ,VI 1/
3 
/L

0
o 

. Figure .8 shows the correction required to obtain the true 
1/3 . 

temperature.over Leff from- VI ·· /L
0

o _Figure 7 gives the length over 

which this temperature prevailedo 

. Another method for temperature determination was also devisedo 

The weight of the uniform-temperature portion of the filament is given 

by two expressions, 
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Fig. 7. Length of the end effects ~L as a function of the 
filament temperature in °K. 
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Ideal filament temperature 

MU-26671 

Fig. 8. C<:>rre~tion to be _;;dded to th~ ideal.filam~nt temperature, 
· denved from VIlf 3 /Lo, to g1ve the corrected temperature. 
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W= LD 

and 

. where d = diameter, Leff = effective length,, D = density, p = specific 

resistivity, and . R = resistance" 

When these two expressions are equated, the resulting expression is 

1rd
2 
/4 = pL/R. If the correct values are chosen, an equality will be 

found. Otherwise an inequality will result. 

An example shows how this relation is usec;l to determine the 

temperature of a filament. Filament No. 16 is used as the example. 

The temperature was controlled by the relation vr1
/

3
/L

0 
= 1243, 

Vifhere L
0 

= 46.8 em, R = 13.36 ohms, ,and I= 3.01 amp. 

Trial 1: 

If vr 1
/

3 
/L

0 
= 1243, then I/d

3
/

2 
= 1325. 

0 -6 
This gives T = 2306 K, p = 67.2Xl0 ohm em, 

and d = 0.0171 em. 

I -4 
As a result, pL R = 2. 35Xl 0 , and 

2 -, -4 
1Td /4 = 2o29X10 ' 

, therefore there is an inequality. 

Trial 2: 

If Leff = 45 em, then VI
1

/
3 
/Leff = 1.293, Ijd

3
/

2 = 1350, 

6 -6 0 
p = 8Xl0 ohm em, T = 2331 · K,. and d = 0.0170 em. 

This makes 1rd
2 
/4 '= 2.27Xlo=

4 
and pL/R = 2.29Xl0-

4
, so that 

there is still an inequality. 
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Trial .3: ·r.: .· . • l/
3 

. If 1-e££ =.44. 7 em,. :then. VI 
6 

/Leff = 

T -= 2335 °K, p = 68.0:>(10- ohm em, 

1.300, I/d
3
/Z = 1355, 

and d = 0.0170 ·em. 

2/ . -4 I :..4 This makes 1rd 4 = 2~·27Xl0 and pL R'= 2~27Xl0 , so an 

equality has been found and the parameters of this trial can be 

considered correct. 

. ·. · .. · The two methods of temperature determination c~mpared very 

wei!: .·The calculated temperatures of the filaments are believed to be 
·."···. ·•; :: . 0 ' . '.- ; ' . 
within ± I5 K of the true temperature. The temperature was very 

fep:rbcih~ible from fila~~~t to filament provided that the impurity content 
·:. , .... : ' ~ ,· ' . 

·.remained constant. No attempt was made to determine the temperature 

until the filaments had been aged for at least 24 hours in an oxygen 
-8. ,· 

pressure of about 10 atm. The aging removed impurities such as 

. carl:>On, and standardized the resistivity so that temperatures were 

reproducible. 

Because alternating current was used to heat the filaments, the 

filament temperature had about a 10 °~ 60-cycle flicker. 

F. Pressure Measurement 

The gas pressure in the reaction vessel was measured with a 

hot-filament ion gauge. The ga~ge,'llsed, was a Veeco Type RG 21A with 

an RG 75K ionization tube, whose location is shown in the sketch of the 

apparatus (Fig. 1). A bold baffle between the tube and the reaction 

vessel allowed only noncondensable gases to reach the tube . 

. The output from the RP '21A circuit was connected to a Sanborn 

Type 151 ·amplifying and recording system. The pressure could be read 

to a precision of ±0.05. The circuit was calibrated against a standard 

gauge provided byVeeco, and ~as found to read correctly to 0. l. In a 

24-hour period, th~. ion-gauge circuit drifted~~}ts readings less than 2 o/o 

of the full scale value. 

There was only one problem encountere,g with use of the gauge. 

It was difficult to outgas the tube and to free ifs.~Jilament from carbon. 

When oxygen was admitted into the system, the ion tube produced carbon 
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monoxide for a short time. This phenomenon was expected, since it 

had bee~ observed by other investigators who used ion tubes provided 

·h. f'l · 2 • 19 - 25 Th. f·1· f h. 'RG 75 K b . w1t tungsten. 1 aments. e 1 ament o t e tu e 1s 

iridium, but this metal still should absorb carbon in .. a manner similar 

to that of platinum. 

LeGoff and Letort, 
25 

Becker, Becker, and Brandes, 
2 

and 

Schlier
22 

have shown that the CO production can be eliminated if the 

filament is. freed of carbon impurity by operation in an oxygen atmosphere 

for long times. The iridium filament in the RG 75 K tube does not seem 

to absorb. ca~bon to the sam~ extent as does tungsten; therefore it was 

possible. to minimize the CO production by operating the tube for several 

hours in 10- 8 at~ of oxygen. 

G. Determination of Weight Losses 

If the rate of oxidation of a filament is uniform, the rate of w::eight 

loss c.an be calculated from the electrical properties, from tabulated 

data of Jones and Lahgmuir. 
4 

The resistance of t:a uniform wire is given by R = pL/ A, where 

R is the resistance, p is the specific resistivity, L is the length, and 

A is the cross-sectional area of the filament. For a cylindrical fila~ 

ment, the resistance is given by R = 4pL/ 1Td
2

, where d is the diameter. 

The weight of a cylindrical rod is given by W = (1Td
2

LD)/4 where D is 

the density of the filament. Combiningthe two equations yields 
2 I . · W = pL D R .. The weight loss of a filament is then 

where 

where 

~W" pL2n(:~~R), 
R

0 
is the initial resistance and R is the resistance at time t. 

Further, if ..6. n is the number of metal atoms lost, .0.n = .0. WN/M, 

N is Avogadro 1 s number and M is the molecular weight of 

tungsten. The instantaneous rate of loss of metal atoms per unit area 

is 

dn 
- dt = 

N 
AfM 

dR 
dt 
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where Af is the surface area of the filament .. The.average rate of 

tungsten atom loss, R , is givenby 
w 

R N D.W 
w - M A-.--f-r( a-v-.)-_ 

.:>. :· ' :•. ·.) 

·:t',(' 

The surface area can be determined f~o:in measur.ern~~ts of the 
·-. 

diameter. 'rhe apparent surface area is then 

( 

3 1/2 
A = 4TT pL ) 

f R 

This calculation assumes that the surface of the filament is smooth. In 

actual practice, this is not true. Tonks derived a surface-roughness 

factor of 1 .. 23 for filaments. 
26 

. This factor has been used to correct 

. the apparen,t surface area of tungsten filaments. 
2 7 - 29 , Since all the 

filaments used in this study_ appeared to develop nearly the same degree 

of surface roughness, the surface-roughness factor-was assumed to be 

constant and was neglected. The reported rates are consequently high 

by.a small constant factor. 

, The resistance of the filament at high temperature was measured 

.to.anaccuracy of ±0.01 ohm 'and the effective length of the filaments 

was determined to ±0.1 em. As .a result, the weight loss of a tungsten 

filament was calculated with an accuracy of ±20 o/o and with .a precision 

of ±5o/o. The apparent surface area was calculated to within ±3o/o~ The 

effective length used to calculate the weight losses is Leff" 

The weights of several filaments were determined both by·use of 

an_ analytical. balance and by calculation from the resistance. The results 

agreed to, within 5o/o. 

Since it was desirable to determine the weight of the filaments 

more or less continuously during oxidation, weighing the filaments with 

a balance was impractical, and weight losses were determined from 

resistance changes even though. this method is slightly less accurate . 

. Several experiments were performed in which both the. room

temperature an,d high-temperature resistance of the filaments were de

termined .. Each of these resistances gave the same calculated weight 

losses to within 2o/o. Since the high~temperature resistances were the 
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easier to measure, only.these were used in calculating the weight losses. 

Another method for determining weight losses of filaments has 

been used by Perkins and Crooks. 
3 

They measured the filament with a 

telescope during oxidation. This method gives results reproducible only 

to ±lOo/o,. and does not appear superior to that used in this research. 
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II. ION GAUGE SEN~ITIVJTY ,,, 

A. In,troduction .. 

In an. ionization gauge, atoms or molecules are ionized by col

lisions with high-energy electrons. 
17 

For a constant accele~ating voltage 

that exceeds the ionization potential,.· the number of 'positive ions formed 

per' electronvaries linearly with the pressure. The positive-ion current 

measured for a given electr'on current is therefore a measur·e of the 

pressure of the gas. However, the probability of ionization of any 
. ' . 
molecule .depends upon its ionization cross section as well as on the 

ionization potential, and the cross section is different for each gas. 

Let ip and. ie signify the positive-ion and electron currents 

respectively at a given pressure P .. Then S = ip/ieP , where S is 

defined as the ion-gauge sensitivity in f.La/fJ.a/fJ.. The gauge sensitivity 

depends upon the probability of successful collision between electrons and 

molec:ules, and therefor~ varies. from gas to, gas . 

. Since most ion gauges are calibrated with nitrogen .. or air. they 

do not read correct pressures for other gases. ·If the sensitivity for a 

gas is known relative to a reference gas, it is possible to correct the 

pressure gauge readings as follows • 

. If P 1 = (ip1/ie1')/S
1 

forthe calibration gas, and 

P 2 = {ip2/iez)/~2'' and . 

· PI 
52 (iPI )(. iez) 

Pz =. 5 1 iP2 · i'e1 

. Since the electron current is held constant,.· the expression .reduces to 

. We define · .. Sz/5
1 

= SR2 as the ion gauge sensitivity of the new gas 

relative.to the reference gas; therefore the relation becomes 

P/Pz = SRz(::n . 
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The ion gauge reads the positive-ion current, therefore, if the ion 

gauge reads the same value for two different gases, P 2 = (l/SR2)P 1. 

This means that the ion gauge meter reading can be made to read the 

correct p,ressure for the new gas if the reading is multiplied by l/SR2 . 

There is some uncertainty about the gauge sensitivity values 

reported for various gases. The combination of a mass. spectrometer 

with the ion gauge appeared to provide a new methodfor determining 

gauge sensitivities. 

The ion gauge us.ed in this study was a Veeco Type .RG 21A 

in conjunction with.an RG 75K ion tube .. The gauge was calibr.ated to 

read correctly for dry nitrogen. The ion-gauge sensitivity for dry 

nitrogen is 100 f.La/!J. at 10 !J.a elecfron current. 

B. Method 

The ion gauge sensitivity of a gas relative to nitrogen was ob

tained from simultaneous measurements of intensities with the gauge 

and the mass spectrometer. The mass spectrometer was calibrated, 

as descrtbed previously, so that its output reflected a definite gas pres

sure in the ion tube. Since the ion tube read correctly only for nitrogen, 

the mass spectrometer calibration was also correct only for nitrogen. 

If, however, a known mixture of nitrogen and some other gas was allowed 

to flow into the system and to establish. some steady-state pressure, 

the mass spectrometer yielded intensities that then corre_...sponded to 

the relative pressures of the two gases. The previous calibration of 

mass spectrometer intensity with pres sure for nitrogen made.the ab

solute pressure of nitrogen .known. The pressure of the second gas 

then could be determined from the' known pressure ratio of the mixture. 

If the apparent pressure of the second gas had been measured prior to 

mixing the gas with nitrogen, the gal!ge sensitivity could be immediately 

calculated, as follows. 

Let N 1 be the mole fraction of nitrogen and N 2 be the mole 

fraction of the other gas in:the gas miXture flowing into the system. 

The total gas pressure in the system is equal to the sum of the partial 

pressures, or PT = P
1 

+ P 2 From Boyle 6 s law, P = kN, and 
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NT = N1 + N 2 . The nitrogen pressure, P 1 , is known. Therefore, 

PT = P 1/N 1, and P 2 = PT - P 1 .. The pressure of the other gas 

measured by-the mass spectrometer, P 2 (MS), .does not equal. P 2 . 

. The. relative ion gauge sensitivity is thus given by 

or 

C. Experimental Procedure 

The mass spectrometer was calibrated with an: ion gauge for 

oxygen, carbon monoxide,· nitric oxide, argon, and carbon dioxide in 

the manner described. The graph of the output vs ion-gauge pressure 

for the various gases is shown in Fig. 4. 

After the mass spectrometer had been calibrated for the pure 

gas, the flow system was evacuated to about 1/2-atm pressure, .. and 

the pressure 0f gas was recorded~ Pure nitrogen was allowed to .enter 

the flow system until the pres sure reached about 1 atm. The mole 

.fraction of each gas present then was given by P
1
/(P

1 
+P2) and 

P 2/(P1 +Pz.) . The gases were allowed to mix in the flow system for 

. about 24 hours to ensure a uniform mixture .. While the gases were 

mixing,. the mass spectrometer was.left running and tp.e ionizing cur

rent was held at a constant value to make sure the calibration did not 

change. 

The gas mixture was then admitted into the.vacuum system. 

When the pressure had reached a steady state, the outputs of the m-ass 

spectrometer for nitrogen and the other gas were recorded .. The out

puts were converted to partial pressures and the gauge sensitivity was 

determined in the manner described above. Nitrogen was u.sed as the 

reference gas for all the gases except ·c.arbon monoxide, for which 

oxygen was used. 
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D, Results and Conclusions 

The ion-gauge sensitivities for the gases relative .to nitrogen 

are shown in Tables I through V, Table VI lists some of the .. values 

found in the literature, The agreement between the value found for oxygen 

(Table I) and that given by Wagener and Johnson
30 

is good. The value 
31 

found for argon agrees well with that found by Schulz, but not so 
32 

well with the one given by Dushman and Young. The value found for 

carbon monoxide is in fair agreement with that found by Wagener and 

Johnson. The value for carbon dioxide differs from that given by 

Wagener and Johnson by a factor of nearly 2. The reason for this dif

ference maylie in the fact that the sensitivity of the mass spectrometer 

for carbon dioxide was much lower than for the other gases. 

This method for determining relative ion gauge sensitivities is 

rather appealing, since it does not require the use of a McLeod gauge 

as a standard. It is a fairly rapid method, and-as can be seen from 

·the results-shows rather good agreement with previous determinations, 

\. 
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Table I. lori g~uge. sensitivity for oxygen. 

Pressures from mass spectrometer 
.· a 

(in mm Hg .) 
SR Electron current 

Nitrogen Oxygen calculated 
(rna) 

9.5Xl0- 5 4.90X10- 5 0.815 1 

2.25X10- 4 l.15X10- 4 0.858 1 

3.6. 1.90 0 .. 826 1 

4.8 .. 2.45·. 0.804 1 

1.75 9.4X10- 5 0.838 1 

1.20 6 .. 6 0.869 1 

2.0 1. 05X10 - 4 0.825 1 

2.2 1.45 0.842 1 

4.0 2.10 0.827 1 

5.45X10~ 5 3.0 X10- 5 0.864 5 

4.8 2.7 . 0.881 5 
... 

3.8 2.15 0.888 5 

.3.0 1. 70 0.889 5 

2.4 1.35 0.881 5 

L85 LO 0.847 5 

1.05 5.8 X10- 6 0.866 5 

2.15 l.15X10 - 5 0.841 5 

3.0 2.05 0.857 5 

.5.4 2.90 0.842 5 

aMole fraction nitrogen= 0.611. 

. SR(av at 1 rna)= 0.827; SR _(av at 5 rna)= 0.865; SR(AV) = 0.84 ± 0.02. 
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Table II. Ion gauge sensitivity for nitric acid. 

Pressures from mass spectrometer 

(in mm Hga) 

Nitrogen Nitric oxide 

1.6Xl 0- 4 Z.12X10- 4 

2.4 3.0 

3AO 3.8 

4.5 5 .. 9 

4.1 5.3 

2.7 3.7 

1.93 2.65 

1.35 l. 75 

1.55 2,00 

aMole fraction nitrogen = 0.464. 

SR (AV)·= 1.12 ±.0.03. 

. s . Electron current 
calC&.ated (ma) 

1.117 1 

1.083 1 

1.033 1 

1.133 1 

1.117 1 

1.186 1 

1.187 1 

1.121 1 

1.118 1 

•· 

-· 
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Table III. Ion gauge .sensitivity for argon. 
'· ·: '. ··' 

Pressures from mass spectrometer 

(in.mm Hga) 

Nitrogen Argon 

' =5 7.8Xl0 -4 L55X10. 

2. 75X10 -4 
5 .. 6 

2.3 4.6 

1.8 3.5 

1.3 2.5 

1.1 2.2 

8.1X10-S 1.62 

5 .. 6 1.08 

4.9 9.3X10-S 

3.8 7.0 

3.3 6.0 

2.55 4.5 

2 .. 15 3.6 

1.7 2.7 

1.4 1. 95 

aMo1e fraction of nitrogen = 0.444. 

SR (AV) = 1.58 ± 0.03. 

'SR Electron current 
calculated (ma) 

1.59 1 

1.63 1 

1.60 1 

1.55 1 

1.54 1 

1.59 1 

1. 5,3 1 

1.57 1 

1. 54 1 

1.60 1 

1.64 5 

1.67 5 

1.60 5 

1.59 .. 5 

1.56 5 
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Table IV. Ion gauge sensitivity for carbon monoxide. 

Pressures from mass _spectrometer 

(in mm Hga) 

Oxygen Carbon monoxide 

L7X10- 4 1. 35X1 0- 4 

2. 75 2.15 

3.. 1 2.5 

5.2 4.0 

4.5 3.5 

3.6 2.85 

2.2 1.7 

1.65 1.35 

10 3 1.05 

7.5X10- 5 6.0X10- 5 

5.2 4.0 

a Mole fraction oxygen = 0. 5:76. 

_ SR (AV) = 0.93 ± 0.02. 
' 

SR Electron current 
calculated - (ma) 

0.926 1 

0. 917 1 

0.943 1 

0.901 1 

0.909 1 

0.926 1 

0. 90 l l 

0.950 l 

0.943 1 

0.935 l 

0. 90 l 5 
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Table V. · Ion gauge sensitivity for carbon dioxide. 

Pressures.fi.-orri mass sp.ectrometer 

(in mmHga) 

Nitrogen Carbon dioxide 

1. X1o- 4 L 15X10~ 4 

4.1 4.9 

4.4 '5 .. 2 

.3.6 4.2 

.3:0 . 3.. 5 

2.4 2.85 
' 1.95 '• 2,25 

1.38 1.62 

1.05 1.23 

6. 2X10 -S -5 
7.2X10 . 

4.5 ,. '5.4' 

. 3 .. 5 4.2 

2~-75 '3.2 

aMole fraction nitrogen = 0 .. 382. 

· SR (AV) = 0. 72 ± 0.01. 

::, ; 

... 
' 

: •• • ' ~ :· : ~ • • • <• 

SR 
Calculated 

0.710 

0. 741 

0. 730 

0 .• 719 

0. 719 

0. 735 

0. 719 

0. 725 

0. 725 

0. 714 

0. 741 

0. 741 

0. 719 

Electron current 
·(rna) 

1 

1 

"1 

1 

1 

1 

1 

1 

1 

1 
: i' 

5 

" 5 

5 
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Table VI. Ion gauge sensitivity relative to nitrogen (from the literature) . 

Dushman . Wagener 
Gas and.Younga and. Johnsonb Schulze ... 

H2 0.47 0.53 0.42 

He 0.16 0.21 

He 0.24 0.33 

Hz 1. 1. L· 

A 1.19 1.5 

co 1.07 

COz 1.37 

.. H 2 0 0.89 

02 0.85 

Kr 1.9 

Xe 2.7 

.Hg 3.4 

Sf6 2.6 

aRefe renee 31, b 
· Reference 30. cReference 32. 
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III. TUNGSTEN-OXYGEN BYSTEM 

A. 
. ·., .... '•':. 

lilt roduction · 

The oxidation of tungsten has be~r1·the subject of numerous in-
, ·. ·'··· 

vestigations. Tungsten has been of interest in the past because of its 

use as filament material in lamps and electron tubes. Recently tungsten 

and its alloys have. been· studied to see if they could be used as components 

in atmospheric re-entry and high-altitude flight. 

The oxidation of.tungsten must be preceded 

by. adsorpti'on of oxygen molecules .. At low pressures 

t h e t i me t hat an o x y g en m o 1 e c u 1 e r e m a ins 6 n a. c l.e an 
. 33 Q/RT 

tungsten surface is given by the relatwn t = t
0 

e , where Q i~ 

the heat of adsorption, . R is the gas constant, T is the temperature 

in °K, and t
0 

= 4. 75 Xlo
13 ~ M·:VZ/ 3 

/T s , in which M is the mole

cular weight, V is the molecular volume, and T is the melting 
s 

point of tungsten. For oxygen chemisorption on tungsten, . Q is about 

150 kcal/mole. At 2500 °K the adsorption time is about 1 sec. 
33 

The number of molecules of oxygen striking the tungsten surface 

is given 
17 

by v = 3.51Xlo
22 P/'\1 MT, where v is the number of impacts 

2 • 
per em of surface per second, P is the pressure in mm Hg, M is 

the molecu1ar weight of the gas, and T is the temperature in °K. 
20 

At room temperature, v = 3.56Xl0 P. The equation shows that a 

monolayer of oxygen will form on a clean tungsten surface at room 
-7 34 

temperature in about 10 sec at an oxygen pressure of 10 mm Hg, 

Becker summarized some of the crystallographic data for 

tungsten surfaces given in Table VII. 
35 

As can be seen in this table~ 
the concentration of tungsten atoms on the surface depends quite 

markedly on the plane that is expos.ed. Different crystal planes have, 

therefore, different heats of adsorption. Becker and Brandes found the 

work function was higher for a(llO}plane thanfor a(lOO). 
36 

Furthermore, 
35 37 

the condensation coefficient was found to vary with the plane exposed. ' 

. The condensation coefficient for oxygen on (111} planes was higher than 

on(lOO}planes. The bond strength of an adsorbed atom decreases as 

the tungsten atom density in a plane increases, and the least densely 
35 

packed surfaces adsorb atoms more readily than densely packed surfaces. 
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Table VII. Atom densities and distances for different tungsten planes. 

·Density of Distance betweeh Distance between 
tungsten 

14 
planes atoms 

Plane (atoms/cm2X10 (lo-8 em) (10~ 8 em) 
{ .. ::. 

110 14.1 2.23 4A7 

100 10.0 L58 3.16 

211 8.2 1.29 7. 74 

310 6.3 0.994 -----

Ill 5.8 0. 915 2.74 

411 4.8 0. 756 
__ ..,,_..,. 

210 4.5 
=<=-==> 

0. 708 

221 4.0 0.632 
- <=..,..., = 

311 4.7 
--- _,..., 

0.585 
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Becker and Brandes came to the conclusion,. from the available 

data and from· results of their research, that oxygen molecules striking 

a ·clean tungsten surface physically adsorb for a, short titne during which 

they may either .evaporate as molecules or become chemisorbe.d as 

atoms; 
36

. Becker s4owed 'an an energetic .basis that oxygen should be 
. 37 

chemisorbed as atoms, but should evaporate as molecules. ,, The 

stre.ngth qf the 0.,. W bonds depends upon the region or plane and whether 

the bond is rr1ade to a tungsten atom that is already bon.ded to another 

oxygen atom .. Each oxygen atom may contact three,. four, or five 

.. tungsten atom,s, depending on the plane or region.. In the second layer, 

an oxygen atom can contact only tungsten atoms that already have made 

one oxygen bond,. and consequently its heat of adsorption is lower than 

·. that for .the first layer. For the third layer, incomin·g oxygen molecules' 

can contact only adsorbed oxygen atoms, and the adsorption forces 

are reduced so far that the oxygen molecule bonds cannot be broken, 

and the; adsorption is mplecular. As a result, it .is pos !).ible to speak 

of the adsorption of oxygen on tungsten. as taking place by two chemi

sorbed layers followed by a physically adsorbed layer. The first layer 
0 -8 is unstable above 1300 K for pressure below 10 atm, and,at 

1800 °K is almost completely removed in .~b.out 1 minute. ·The second 

6 0 ' 0 layer .is stable below 00 K, but is not present above 1300 K. The 

third layer is unstable at room temperature, at atmospheric pressure 

Becker, Becker, and Brandes estimate the heats of adsorption 

of the first and second layers to be 4.6 and 2.3 ev respectively. l 

Becker observed that tungsten atoms on, a surface appear to be so mobile 

at about 2900 °K that. they .can be thought of as. a two.,.dimensional gas. 
35

•
37 

Glasstone, Laidler, and Eyring report that up to a surface 

coverage of 0.5, the molecules can arrange themselves in such a way 

that no two are in adjacent positions. 38 Adsorbed-atom-interactions 

should become significant ;above surface coverage of 0. 5. In agreement 

with this prediction, Becker and Hart~an 39 and Eisinger 1 found that 

the condensation cqeffici~nt of oxygen on tungsten was nearly constant 

as coverage increased to about. 0. 5,. and then decreased rapidly. 
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Bulk oxidation of tungsten occurs at low temperatures. Gomer 

and Hulm noted that, as low as 300 °K, tungsten continues to take up 
40 

oxygen slowly even after the rapid initial adsorption is complete. 

This slow oxygen pickup can be attributed to slow oxidation or chemi

sorption. Becker and Brandes observed small patterns superimposed 

on the image in a field-emission microscope after exposure to high 
. 0 36 .. 

pressu.res of oxygen and subsequent heating to 700 K. Muller 
41 

interpreted these images as small oxide crystals. Nachtigall.found 

that tungsten remains clean in air at 600 °K, but tarnishes at some 
0 10 

temperature below 1000 K. 

·Below 800 °K , tungsten was found to follow the parabolic 

oxidation law. 
12

' 
13 

A heat of activation calculated from the parabolic 

.law constant showed some dependence upon the surface preparation. 

W bb N d lO d D 14 d' d h 'd . · e , orton, an Wagner, . an unn stu 1e t e ox1 atlon 

of tungsten in a pressure of 1 atm of oxygen iri the temperature range 

1000 to 1300 °K. The parabolic rate law was followed for a short time, 

then a transition to a linear law seemed to occur. In agreement with 

this-~ Scheil observed a linear rate law in the temperature range of 

800 to 1000 °K for longer times. 
42 

Bauer, Bridges, and Fas sel studied the oxidation of tungsten 
0 ' from 600 to 850 C as .a function of oxygen pressures from 20 to 

500 psia. 
10 

They found a linear law. They concluded that diffusion of 

oxygen was the rate =controlling step. 
/ 

Arkharov and Koymanov studied the composition of an oxide 
0 10 scale between 500 and 1350. C. They also concluded that the rate-

controlling. step was the diffusion of oxygen. 

Semmel studied the oxidation of tungsten in flowing air from 982 

to 1371 °C. 
11 

The oxidation followed a parabolic law and then changed 

to a linear one as the temperature was increased. 

Recently Gulbransen and Andrews completed a detailed in-

vestigation of tungsten oxidation in the temperature range 500 to 1300 °C • 
' 8 

and the pressure range. 0.1 to 0.00132 atm,of oxygen. From 500 to 
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600 ° C, the rate of oxidation decreased with: time, indicating that the 
. 0 . 

o~ide layer protected the tungsten. At about 750, C, tungsten began 

to show poor oxidation resistance. 

1150 °C the rates were very high. 

At temperatures from 950 to 

Above 1200 ° C the rate of oxi-. 

dation at 0.1 atm pressure was too high to be measured accurately. 

At lower pressures the rate could be measured, but the oxide seemed 

to volatilize as rapidly as it was formed. A very strong pressure 

dependence was observed. Above 750 °C the activation energy was 

32.5 kcal/mole and below 750 °C it was 54 .. 5 kcal/mole. 

In all the foregoing investigations, the oxid,e formed was W03' 

with some suboxides near the metal interface. 

Farber, Darnell, and Ehrenberg studied the rate of oxidation 

of 10~mil tungsten filaments in a flowing mixture of 95o/o argon an,d 5o/o 

oxygen in the temperature range 1209 to 1522 °K, and obtain~d an 

activation energy of 13.8 kcal/mole. cj 

Perkins and Crooks studied the rate of oxidation of 0.1-in. -

diam by 7 -in. -long tungsten rods in the pres sure range 1300 to 

2960 °C. 
3 

They were able to fit their linear rate constant, . R, in 

the temperature range from 1300 to 1750 °C with the relationship 

R = 14.5 exp[-34500/RT] p
0

·
62

g/cm
2
/sec. 

They found that tungsten oxide volatilizes as it forms at temperatures 

greater than 1200 °C. From about 1750 to 3000 °C, the rate of weight 

loss decreased with increasing temperat';lre. 

The region in which Perkins and Crooks found the rate of weight 

loss of tungsten to decrease with increasing temperature is the region 

of this investigation. They concluded that this trend arose because 

formation of W03 (g) from tungsten and oxygen becomes thermodynami

cally unfavorable. This. explanation is not consistent, however, with 

the accepted thermodynamic data. 
45 

There have been only a few investigations of the rate of oxidation 

of tungsten at pressures less than· 1 rrirn Hg. The first was 

Langmuir in 1913.
7 

In Langmuir u~ experimental pressure 
·. -7. . . 

above 3Xl 0 atm, the reaction probability was independent 

made by 

range, 

of pressure 
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. between 1070 and 3500 °K. The reaction probability was not affected 

by ;the temperature of the oxygen gas molecules. in the temperature 
0 

range from -183 to 360 C. Langmuir also found that a tungsten wire 

·heated ·in a low oxygen pressure begins to oxidize at about 800 °K,. and 

that at about 1200 °K the oxide volitalizes without dissociation, leaving 

the wire clean. Above 1200 °K, and at an oxygen pressure below 0.02 

mm Hg, tungsten oxidized at a rate directly proportional to the oxygen 

pres sure and the surface area. The rate increased with increasing 

temperature. The oxide formed was identified as W0
3

. 

Ehrlich has studied the high'-temperature adsorption of oxygen 

b . 1 1 'bb 24,43 . y s1ng e-crysta tungsten r1 ons. · 

In 1958, Eisinger reported on the adsorption of oxygen on 

single~crystal tungsten ribbons and on the dissappearance of oxygen 

due to oxidation of the tungsten at temperatures from 1200 to 2400 °K 
. . -7 -5 

and pressures from 10 to 10 mm Hg. Eisinger found the curves 

for. reaction probability versus temperature to be pressure-dependent 

and to go through maxima. He attributed the decrease in the reaction 

probability at higher temperatures to a decrease in sticking probability, 

which causes a lower equilibrium concentration of oxygen on the surface 

and consequently a lower probability ofoxide formation. At higher 

pressures, the arrival rate of oxygen molecules is increased so that 

the coverage is greater and the drop in the reaction probability does 

. not occur until higher temperatures are reached. He also reported that 

Schlier' s
22 

and MUller 1 s 
41 

data yield reaction probabilities of about 

unity. They used polycrystalline tungsten wires which may have had 

more ir;regular surfaces. Langmuir 1 s data agree well Vi:ifu Eisinger 1 s 

data and with his explanation of the data. 

The most recent investigation of this interesting region was 

reported by Becker et aL in 1961
2 

who studied the reaction of oxygen 
-7 -5 . 

at 10 to 10 mm Hg with pure tungsten, and with tungsten that 
; : 0 

contained carbon, at 1600 to 2500 K. They incorporated a mass 

spectrometer in their apparatus SD that they could detect the occurrence 

of any side reactions. Carbon monoxide and carbon dioxide were 
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produced by the reaction between oxygen and dis solved carbon. 

Becker et al. measured the rate of diffusion of carbon in tungsten 

and determi~ed the oxygen pressure and temperature necessary to 

remove essentially all of the carbon. They were .able to develop a 

theory for the rate of evaporation of wo3 and, from this theory, to 

explain why Eisinger!· observed maxima in the curves for reaction 

probabilityversus temperature. They also predicted how the rate of 

reaction of tungsten with oxygen should vary as a function of tempera-
' ture and pressure in the low-pressure range; and they obtained 

activation ene?;gies for oxidation of their single-crystal ribbon. They 

concluded that the rate of oxidation of tungsten is controlled by the rate 

of evaporation of oxygen from the surface, and that the rate depends 

upon the concentration of oxygen atoms on the surface.· 

Their analysis will be used to explain the data of this investi

gation, which was conducted for a pressure range intermediate be

tween the ranges used by Langmuir and by Eisinger, and Becker et al. 

B. Description of Method and Experimental Procedure 

The apparatus used in th,is ipvestigation has been described in 

Sec~ I-C. The tungsten was supplied by Thermionic Products Company, 

Plainfield, N.J. An ana1ysis of the wire is given in Table VIII~ The 

oxygen used was 99.6% pure with nitrogen= 0.2o/o and argon= 0.2o/o. 

The oxygen was pas sed through a liquid nitrogen trap before it was 

allowed to go into the gas container in the vacuum system. At the 
-6 

highest pressure of oxygen in the system, 10 atm, no impurities 1n 

the' gas could be observed with the mass spectrometer. The mass 

spectrometer could.detect pressures of 10- 9 atm, therefore the gas 

purity was better than 1 part in 1000. 

The tungsten filaments were about 45 em long and 0.025 em in 

diameter .. After a filament was placed in the reaction vessel, the system 

was evacuated. The trap above the mercury diffusion pump was then 

filled with liquid nitrogen. Heating tape wrapped about the reaction 

vessel raised the temperature of the vessel to about 525 °K. The 

vessel was heated until the pressure in the system decreased to less 
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than 10- 8 atm. The second cold trap was then filled and the heater 
' ' ' . ' ' . . . : ' ': ' ' 9 

turned ofL Following this, the pressure dropped to aboutlO- atm 

and remained there. The mass spectrometer. showed that the only 

gases present were nitrogen and oxygen. 

When the reaction vessel had cooled, a low pressure of oxygen 

was' admitted into the sxstem .. An increase in the carbon monoxide 

pressure was· noted. This was found to be .due to reaction between 

oxygen and carbon in the ion tube and mass spectrometer. filaments. After 

· the. mass spectrometer filament had been heated in about 10-
7 

atm 

oxygen for 24 hours, the carbon monoxide production reached a mini-
~ . ' ' 

mum. The carbon monoxide production from the ion tube dropped to 

a minimum in about 2 hours. 

or 

The rate of loss of tungsten is given by 

dn 
dt = 

R 
w 

N 
- MAf 

:a a 
dT 

where Af(av) is the average surface area during the reaction and Rw 

is defined as · - C::.n/ C::.t . · The surface area generally changed only 

about 2% duringthe reaction, therefore use of an average surface area 

introduced negligible error. 

The rate of oxygen loss and the reaction probability were obtained 

in the fOllowing manner. With the tungsten filament off, oxygen was 

admitted into the reaction vesseL The pressure. P 
0 

was measured 

when steady state was reached, and then the tungsten filament was 

·raised to some predetermined temperatu~e. A new pressure P was 

established which was lower than the original pressure. 

The following must be true: 

(a) Wlth the tungsten filament off and the flow rate constant, 

. Q = SP 
0

, .where Q is the flow rate, S is the pump speed at the 

reaction' vessel, and PO is the original pressu~e. The rate of flow 
. ' .. . ' . .. 17 . 0 '. 0 

of gas through a tube 1s F = KF 
0

, where K 1s the Claus1ng factor 

.·and F 
0 

is the rate of gas flow through an infinitely thin orifice of area A. 
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F 
0 

is given by the relation F 
0 

= AV I 4, where V a is the 

average velocity, given by Ya = [ BRTI 1TM]
1 72

. The~~fqre F is 

given by F = KA V I 4 .. We define the effective 1pump hole area, A , 
a . . p 

as KA. Now F must be given by F = A V I 4, and from the kiinetic 
P a 

theory of gases, .v = n/4 V a' therefore F :::: A·. vln,, where v is the 

number. of molecules striking 1 em 
2 

of surfa~e per second, and n is 

the number of gas molecules contained in a volume of 1 em 
3 

at pres sure 

P. · Provided that the mean free path of the vapor is long compared with 

.the tube diameters,·. the rate of exhaust through a tube is given by 

or 

-V dP- FP dt = , 

dP 
dt 

where .. V is the volume of the vessel and P is the ultimate vacuurri to 
s 

which the pumps can exhaust the v·ess.el. Since, for the two preceding · 

equations, the conditions are exactly the same, 

S=F,· for P>lOP 
s 

As a result, the pum_ p speed S · .. is given by . S = A v In and p .. 
Ap =: nlv S, which for an oxygen temperature of 300 °K becomes 

Ap = 0.0902 S. The flow rate can then be expressed by 

Q = (Apvln)P0 
(b) With the tungsten filament on, the same input flow rate 

continues but a lower pressure P is produced, and the flow rate can 

be represente;d by 

. ~-A .v. 
Q = _p_ p + ·E . n. 

V• 
P, 

n 

where. e is the probability that a molecule that strikes the filament 

wilLdisappear from the gas phase and Af is the surface area of the 

filament. 

Since the flow.rates are equal in both cases, 
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Solving for the ~<ia:ti~: pr(o~~~li)ty,· we find. 

'~- p;- --p-. 
f 

The·<a•.rri.val' rate of oxygen molecule~ at the tungsten surface 

is given by 'v =· 3.513Xlo
22 

P . l~, .. in ~iecuie's striking per 
2 . . mm . . . ctno 2 .. 

em per second. The rate of loss of oxygen, - cr[-:-, is expressed by 

R 32 = .ev or by R 32 = (NS/RT) (P
0

-P), where R 32 is defined to be 

the rate of loss of oxygen. For the temperature of oxyg~n at 300 °K, 

R 3 ; = 2. 72Xl0
23 

e P(atm) 

~nd for the pump speed, 4.00 1./sec, 

R 32 = (9.7Xl0 22/Af) (P
0
-P), 

with the pressure in atmospheres. 'The reaction probability becomes 

-~. 0.36 (Po-P.) 
.E A ' p 

f 

Since the flow rate can be determined only to within.±0.30 1/sec., 

the reaction probability is reliable only to within ±40o/o. The rate of 

tungsten loss is acc~rate .to within ±20o/o and with. a precision of ±5o/o. 

The rate of oxygen loss is measurable to within ±25o/o. The surface 

area is correct except for the surface roughness factor, which is not 

known with. any degree of reliability. 

When a tungsten filament was heated .to te·mperatures exceeding 

1800 °K in an oxyge~atmosphere at grea:te;:r.· than 10- 9 atm pressure, 

an increase in carbon monoxide pressure was again noted in the mass 

spectrometer, but no increase in carbon dioxide production was noted

probably because the sensitivity of the mass spe-ctrometer to carbon 

· dioxide was quite low. · 

Figure 9 shows the exponential decrease of carbon monoxide 

pressure with time. 

Several' studies ··have reported ca!rbon monoxide generation 

from tungsten filaments when they were heated in oxygen .. Schlier; 22 

and Hickmott ~ri.d.Eh~lich24 reported that erroneous carbon monixide 

pressure measurements were obtained when ion tubes with tungsten 



E -0 

0 
(.) 

Q) . ... 
::1 
(J) 
(J) 
Q) ... 
a.. 

~ -45-

: ·. ~ 

Time (hr) 

MU-26672 

Fig. 9. Pressure of carbon monoxide as a function of time, evolved 
· from a tungsten filament heated in oxygen. 
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filaments were heated in oxygen, Eisinger reported that heating 

tungsten filaments in oxygen pressures of about L3Xlo- 9 atm at 

2000 °K reduced subsequent carbon monoxide production to a very 

low value.~ Becker et aL reported that tungsten filaments could be 

made essentially carbon.:,fre~ by heating at 2200 °K in oxygen pressures 
~9 2 . 

of 10 atm for 10 to 60 hours. The experience of this study agrees 

well with those reports. 

The time needed to decrease the rate of carbon monoxide 

production to a low value was found to depend upon both the temperature 

of the filament and the pressure of oxygen. Generally, periods of 20 

to 50 hours at temperatures greater than 1900 °K with oxygen pressures 
-8 . -7 

of 10 to 5X10 atm were required to reduce the carbon monoxide 

pressure to 2Xl0- 9 atm or lower. All the filaments were heated in 

oxygen until the carbon monoxide pressure fell below 2X10- 9 atm before 

oxidation data were taken, 

The resistance of a filament is greatly_ affected by impurities. 

Figure 10 shows gr.aphs'of the- resistance vs time and of pressure vs 

time obtained when a new filament, 40.1 em long by 0.025 em in diameter 

was heated at a constant temperature of 2400 °K in an oxygen pressure 
-7 of 2, 9Xl 0 atm. Removal of carbon as carbon monoxide reduced the 

resistance during early stages of heating, 

If ~he analysis supplied for the tungsten (Table VIII) is correct, 

the carbon evolved from the filaments could not have all been present 

before they were placed in the vacuum system. "Evidently, when the 

reaction vessel and the vacuum system were outgassed, hydrocarbons 

were condensed onthe tungstenfilaments, and whenthe filaments were 

heated the hydrocarbons decomposed and the carbon diffused into the 

filaments. This view is supported by the observation that if the reaction 

vessel were outgassed again after a filament had been purified by re

action with oxygen, the rate of carbon monoxide generation increased 

sharply and then decreased slowly as the filaments were reheated in 
2 

oxygen. Becker et al. also observed this phenomenon. 
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Table VIII. Analysis of tungsten wire obtained from Thermionic Products 

Company, Plainfield, New Jersey. 

Element 

Tungsten 

Ni 

Si 

A1 

Ca 

Mn 

Mg 

c 
Mo 

Content in tungsten wire 

( %, less than) 

99.95 

0.002 

0.005 

0.005 

0.003 

0.003 

0.003 

0.004 

0.003 
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To avoid filament contamination, the reaction vessel was never 

reheated after the filaments had been thoroughly purified. · In addition, 

liquid nitrogen traps were operated continuously after the reaction vessel 

had been outgassed. 

The duration of oxidation experiments depended upon the pressure 

of gas- used. The reactions were continued until about 0.01 g of tungsten 
-8 ··. 

had reacted. For the extrerr:lfiij low-pressure tests (10 atm), this 

meant that reactions were continued for nearly 24 hours, whereas fdr: 

those at highest pressure (lo-
6 

atm), the time of reaction was less 

than 1 hour. 

The gas flow was very constant over the period of the tests. 

There was no observable decrease in the pressure inthe' reaction 

vessel with time. 

C. Results. 

All pr-evious investigators have interpreted their results in terms 

of formation of W0
3

{g). However, free-energy equations for the for

mation: of WO~(g) and wo3 (g)
45 

indicate that these formationsare bdth 

possible under the conditions of this study. Under the conditions of 

Eisinger Is study, wo2 (g) is the more probable reaction 'product of 

these two. Langmuil' us higher-pressure conditions would favor W0 3 
formation. The dissociation energy of WO(g) can be estimated as 

slightly more positive than one-half the dissociation ener~y of W02 (g) or 

one-third the dissociation energy of W03 (g}. From this estimate it 

is apparent that WO(g) is also a possible reaction. product. Probably 

a mixture of tungsten oxides is produced. Pending mass spectrometer 

identification of the reaction products, the reaction wil:l be discus sed 

on the assumption that. W0
3

(g) is the product. .. The analysis is then. 

consistent with that of the earlier investigators. 

TablesiX through .XVI list the experimental data collected for 

each temperature. Table XVII summarizes the pressure and tempera

ture dependence derived from these data. Figures 11 through .21 are 

constant-temperature graphs from the data in the tables. 
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Table IX. Experimental data for the tungsten-oxygen reaction at 1950 °K. 

Po p R32 R w 

1.24-;-lo-6 1.02 X 10-6 
0.0379 1.04~o 16 

1.2 X 10-6 1.02 X 10-6 0.0400 1.1 X 1016 

1.01 X Io- 6 8.62X10- 7 0.0353 8.22 X 10 15 . 5. i4 X 10 15 

9.7 X 10-7 7.95 X 10-7 0.0374 8 X 1()15 

9.25 X 10-7 6.0 X 10-7 0.0340 5.5 X 1()15 3.5 X 10 15 

9.16 X 10-7 7.66 X 10-7 0.0420 8.7 X 10 15 

6.4 X 10-7 s,I6xlo-7 n n?nA 
v. V..J7"T. 5.57 X l~lS 

6.31 X 10-7 5.3 X 10-7 0.0413 5.97 X 10 15 

4.03 x 10-7 3.2 X 10-7 0. 042\3 3.67 X 10 15 

.. 3.40 X Io- 7 2.84 X 10-7 0.0319 2.68 X 10 15 1. 56 X 10
15 

1.9 X 10-7 . 1.5 X Io- 7 0. 0438 1.43 X 10 15 

1.71Xl0-7 1.41 x 1o-7 0.0450 1. 76 X io 15 

I. 34 X 10-7 l.llXl0-7 0.0386 1.14X1015 7.16-)( 1014 

l.lSXl0-7 9.18 x 1o-8 0.0415 1.04 X 10 15 

1.·14 x 1o-7 9.55X 10-8 0.0427 1.10 X 10 15 

6.4 X 10-8 5.35X10-8 0.0427 6.16 X 1014 

6.26 X lo-S 5.04 X 10-8 0.0412 5.52 X 10 14 

2.38 x 1o-8 1.96 X 10-8 0.0353 1.86 X 10 14 

2.24 X Io- 8 1.92 X 10-8 0.0342 1.85 X 10 14 

1.59 X lo- 8 1.42 X 10-8 0.0230 8.8 X 1013 6.12 X 10 13 

For R
32 

= k
1
Pl.O, k 1 = 1.05 X 1022 

For Rw = k pl.O, 
2 k2 = 5.4 X 10

21
. 
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Table X. Experimental data for the tungsten-oxygen r.eaction at 2050 °K 

Po p R32 R w 

1. 31--;lo-6 1.04 X 10-6 0.0426 1.2 --;--1016 

-1.26 X 10-6 1.04 X 10.- 6 0.0431 1.22 X 10
16 

1.01 X lo-6 7.5 X 10-7 0.0435 8.9 X 1015 5.15Xl015 

9.55 x 1o-7 7.9 X 10-7 0.0431 9.3 X 10 15 

9.2 X 10-7 7.27 X 10-7 0. 0438 8.56 X 10 15 

7.66 x 1o-7 5.6 X 10-7 
0.045 6.85 X 10 15 4.24 X 10 15 

6.71x1o- 7 5.45 X 10-7 0.047~ 7.08 x 1"o 15 

6.26 x 1o-7 4.9 x 10-7 0.045'5 6.05 X 10 15 

5.45 x 10-7 3.98x10-7 0.0470 5.05 X 10 15 3.28 X 10 15 

4.17 x 1o-7 · 3.24 X 10-8 0.0475 4.17 x 1o15 

4.05 x 10-7 3.27 X 10-7 0.0491 4.43 x 1o 15 

3.53 X 10-7 2.61 X 10-7 0.0455 3.20 X 1015 1.79 X 10 15 

2.18x10-7 1.58 X 10-7 I 
2.13 X 1015 1. 34 X 10 15 0.0498 

~ 

2.05 X 10-7 1.68 X 10-7 o. 0466 2.12 x 1015 

1.85X10~ 7 1.42 x 1o-7 0.0485 1.88 x 1015 

1.4 x lo-7 1.05 x Io-7 0.045 1.29 X 10 15 6.69 x 1014 

1.18XI0-7 9.6 X 10- 8 0.0459 1.19 X 1015 

1.15 x lo- 7 8.7 X 10-8 o.o5o8· 1.21 X 10 15 

6.68 X 10-8 5.19 X 10-8 0.0475 6. 72 X 1014 

6.22 X 10-8 5.08 x 1o-8 0.0460 6.3 X·10 14 

6.1 X 10-8 4.73x10-8 0.0403 5.17 X 10 14 3.05 X 1014 

2.28 X 10-8 1.95 X 10-8 0.0343 1.37 X 10 14 

2.03 x 1o-8 1.68 x 1o-8 0.0354 1.55 X 10 14 

For R 32 = k 1 pl.O, k 1 = 1.25 X 1022• For R = k pl.O w 2 • k2 = 7.44 x 1021. 

... 

• 

• 
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, .. 

Table XI. Experimental data for the 'tungsten-oxygen reacti~n at 2-i 50 °K. 

Po p R32· R 
w 

1.31 -;lo-6 1 X 10- 6 0.0491 1.34 X 10 16 

1.26 X 10-6 1.01 X lo- 6 '0.0513 1.4 X 1016 

1.06 x lo-6 7.9 x lo- 7 0.0481 1.02 X 10!6 s.6s x 1o 1S 

9.72 X 10-7 7.4 X 10-7 0.0505 1..02 X 10 16 

9.53 x 1o-7 7.66 x 1o-7 0.0504 1.05 X 10 16 

6.7 x 1o-7 5.32 X 10-7 0.0543 7.83 X 10 15 

6.55 X 10- 7 ' 4.95 X 10- 7 0.0509 6.9 X 1015 

6.47 X 1o-7 5.4 x 1o-7 0.0415 5.9 X 1014 

6.09 X Io- 7 4.35 X I0- 7 0.0535 6.26 X 10 15 3.41 X 10 15 

4.46 X 10-7 . 3.34 x lo- 7 0. 052.:4 

4.37 X 10-7 3.47 X 10-7 0.0536 :5.07 X 1015 

2..61 x lo-7 1.9 x lo- 7 0.0513 2.61 X 10 1 5 1.25 X 10 15 

1.94 X 10-7 1.58_X Io- 7 0.0477 2.05 X 10 15 

1.33 X 10-7 1.03 x lo- 7 0.0455 1.25 X 10 14 7.23 X 10 14 

1.3 X 10-7 1 x lo- 7 0.0474 1.28 X 10 15 

l.I6xio-7 9.47 X Io- 8 0. 0471 1.20 X 10 15 

7.35 X Io-8 5.65 X Io-8 0.0417 6.4 X 1014 

7.os x 1o-8 5.5 X 10-8 0.0426 6.3 x 1oi4 2.54 X 10 14 

2.54xio-8 2.08 X 10-8 0.0352 1. 78 X 10 14 7.25 X 10 13 

2.12 X 10-8 1.91 X 10-8 0.0234 1.20 X 10 14 

1.64 X Io- 8 1.48 X Io- 8 0.0160 1.33x1o14 

1.18 X 10-8 1.03 X 10-8 0.020 5.52 X 10 13 2.88 X 1013 

For R32 = kl pl. 26' kl = 7.05X 1023. For R 
w 

= k pl.26 
2 ' 

k = 
2 3.5x 1023. 

,., 

.. 
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Table XII. Experimental data for the tungsten-oxygen reaction at 2230 °K. ·. 

Po p R32 R. 
w 

1.28 x Io-6 9.6 x Io- 7 0.0525 1.38~o 16 

1.24 x Io-6 9.85 X 10-7 0.053) 1.43 X .10 16 

9.71.X 10-7 7.7 X 10-7 0.0530 1.11 X 1016 .. 

9.58 X 10-7 1.21 x 10-7 0.0505 1 x 1o 16 

7.19 x 10-7 5.37 X 10-7 0.0518 7.6 X 1015 

6. 79 x 1o-7 5.37 X 10-7 0.0531 7.83 X 10 1 5 ..,. 

4.46 X 10-7 3.56 X 10-7 0.0520 5.92 X 10 1 5 

4.03 X 10-7 3.04 X 10-7 0.0505 4.16 X 101 5 

2.07 X 10-7 1.69x10-7 0.0451 2.09 X 10 15 

1.97 x 1o-7 1.52X10-7 0. 0444 1.52 X 10 15 

1.31 X 10-7 l.05,x 10-1 0.0379 1.09 X 10 15 

1.22 X 10-7 1.01 X 10-7 0.0431 1.18 >; 1015 

7.18 x 1o-8 5.95 x Io-8 0.0316 5.1 X 1014 

6.21 x 1o-8 5.3 X 10-8 0.0369 5.22 X 10 14 

2.17 X 10-8 1.97 X 10-8 0.0203 1.1 X 1014 

2.16 X 10-8 . 2.03 x Io- 8 0.0092 4.67 X 1013 

For R32 = k 1 pl. 26, 
23 

k 1 =6.18X10. 

:;. 
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Table XIII. Experimental data for the tungsten-oxygen reaction at 2335 °K. 

Po p R32 R 
w 

L25710-6 9.9 X 10-7 0.0527 1.43 ;-i"o 16 

1.19 X 10-6 8. 78 X 10-7 0.0535 1.20 X 1016 7.52 x 1015 

9.75x1o-7 7.8 x 1o-7 0.0527 1.10 X 1016 

9.60 x lo-7 '7.2 X 10-7 0.0522 9.95 x 1o 15 

7.65 X 10-7 5.6 X H>'"7 0.0447 6.8 X 1015 3.15 X 10 15 

6.5 X 10-7 5.21 x1o-7 0.0503 7.71 X 10 15 

6.24 x 1o-7 4.69 X 10-7 o.051G 6.3 X 1015 

4.5 x 1o-7 3.4 X 1o-7 0.0405 3;72 X 1015 2.68 x 10 15 

4.1I.x 1o-7 3.16 X 10-7 0.0468 3.~n x 1015 ~. 

4.0 X 10'"7 3.24 X 10-7 0.0475 4.20 X 1015 

2.1 x 1o-7 1.74x1o-7 0;0387 1.87 X 10 15 

2.05 x 1o-7 1.60 X 10"'7 · '1.78 X 1015 
., 

0.0448 

1.90 X 10-7 1.49x1o-7 0.0320 1.33 x ro 15 6.95 X 10 14 

1.01 x 10-7 9.2 X 10-8 0.0336 8.35 x 10 14 

· 1.o6 x 1o-7 1.3 X 10-7 0. 0348 9.7 X 1014 

6.51 x 1o-8 5;7 x 1o-8 0.0297 4.65 x 1014 

5.15 x 1o-8 4.41 X 10-8 0.0252 3.oo x 1014 1.41 X 1014 

2.2 X 10-8 2.08 X 10-8 0.0125 6.9 x1013 

For R = k pl. 26 
32 . 1 • k 1 = 5.77 X 1023. 

For R = k P
1

•
26

, 23 
w 2 k 2 =2.9Sx1o. 
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Tabie XIV. Experimental data for the tungsten-oxygen reaction at 2410 °K 

Po p 
R32 R ' w 

1.33X10_(, 9.56X10- 7 
0.0416 1.07X10

16 
6.09X10

15 

1. 31Xl0 - 6 1.04X10-6 . 0.0505 1.43XI0
16 

1.23X1o-6 9.36X10- 7 
0.0476 1.24X10 16 

9.63X10- 7 7.35X10- 7 
0.0479 9.6 X10

15 

9.27X10- 7 7 .44X10- 7 
0.0500 1 X10 16 

7.66X10- 7 5.37X10- 7 
0.0425 6.1 X1o 15 3.15X10i 5 

7.03X10- 7 5.37X10- 7 
0.0450 6.95X1o 15 · 

6.56XI0- 7 4.85X10- 7 
0.0389 5.08X10 15 2.67X10 15 

6,36XI0- 7 3.27X10- 7 
0.0463 6.52X10 15 

4.31X10- 7 3.52X10- 7 
0.0447 4.J1X10 15 

3.87X10- 7 3.08Xl0- 7 
0.0410 3.3 X1o 15 

3. i6X10- 7 2.29X10- 7 
0.0386 2, 37X10 15 

1.l5Xlo
15 

1. 9 X10- 7 1.55X10- 7 . . 0.0347 1.45Xl0 15 

1.66XI0- 7 1.4 Xl0- 7 
0.0384 9.75XI0 14 

1.51X10~ 7 1.18Xl0-T 0.0293 9.15X10 
14 

4.08X10
14 

1.36X10- 7 1.08Xl0- 7 
0.0388 1.15X1 0

15 

1.14X10- 7 9.69X10- 8 0.0340 9.0 X10
14 

6. 78X10- 8 5,55X10- 8 0.0227 3,43X10 14 
1.56X10

14 

6. 72X10- 8 5.95X10- 8 0.0256 4.15X1o 14 

6.6. Xl0- 8 5.4 X10- 8 0.0333 4.85X10l4 

2.52.><.10- 8 2.17X10- 8 
0.017 1.0 X10 

14 
5.54X10

13 

1.73X10- 8 1.65X10- 8 
0.0153 4.47X10

13 

For R - k P 1·
26 

k = 4 95X1o
23 

32 - 1 • 1 . For R = k 2Pl. 26 • k 2 = 2.36x1o
23 

w 



Table XV. Experimental 'data for the tungsten-oxygen reaction at 2525 °K, 

Po 
·p E R32 R 

w 

1.24 X 10-6 9.45x1o-7 0.0466 1.21 X 10 16 

L17X10- 6 . 8.75 X 10- 7 0.047 5 1.12 X 10 16 5. 71 x 1 o1 5 

1 X 10- 6 7.58 x 10- 7 0.0483 lX 10 16 

8.52X10- 7 6.52xlo- 7 0. 04.53 8x1o15 .. 3.35x1o15 

7.78 X 10-7 6 x 1 o- 7 0.0456 7.33xro15 

6.74x1o-7 5.13x1o- 7 0.0474 6.61 X 10 15 

2.21X10- 7 .1.82X10-7 0. 0333 1.62 X 10 15 

2.16xro- 7 L78x1o- 7 0.0318 l. 56 X 10 15 

l.4Xl0- 7 l.14X10- 7 . 0.032 9.85 x 1o14 4.4 x 1o14 

l.17X10- 7 9.7 X 10- 8 0.0310 8.1 x 1o14 2.52X10 14 
I 

9.91 X 10- 8 8.55 x ro-8 0. 0241 5.63 X 10 14 U1 
0' 

X 10 14 
I 

9.3 X 10- 8 8.1 x ro- 8 0. 0226 .. 5.0 

9.3 X 10-8 . 7 . .8 x 1o-8 '· 0. 0287 6.26xro1 4 

7.16 X 10- 8 . 6.41 x ro- 8 0.018 -3. 13 x 1 o14 · · . 

4.58x1o- 8 · 3.97 X .10-8 0. 0230 2.59 X 10 14 

l. 26 23 
ForR3z=k1P ,k1 =4.95X10. 

For Rw = k 2PL 26 , k 2 = 2.18 X 10
23

. 



Table XVI. Experimental data for the tungsten~oxygen reaction at 2600 °K 

Po 

1.01 x lo-6 

8.3 X 10-7 

8.0 X 10-7 

4.Sxio~ 7 

. 3.35 X 10~ 7 

2.7 X10~ 7 

1.32X10-7 

9. 25 X 10~8' 

6.81 X Io-8 

5.85 X Io-8 

p 

7.81 XJO 
-7 

6.o9xio-7 

5.96 X Io- 7 

3.59 X Io- 7 

2.6Ixio-7 

1.41 X Io-7 

1.08 X Io-7 

7.55xlo-8 

5.5 X Io-8 

4. 74 x lo- 8 

For R 32 = k 1Pl. 26 , k 1 = 4.75 X 1023. 

For Rw = k 2Pl. 26 , k 2 = 2.41 X 1023 . 

E 

0.0396 

0.0405 

0.0401 

0.0363 

0.0338 

. 0.0317 

0.0285 

0.0288 

0. 0281 

0 .. 0303 

R32 R··. 
w 

8.31 X 10 15 4.7·5 X 1015 

6 •. 63 x Io 15 3. 54 :x Ioi5 

6.42 x Jol5 · }.26 x 'ro 1S 

3.52 X Iol5 .· lAB x 1o15 .: 

2.37 X 1015 1.24 x l:o 15 

1.24 X 10 15 6.19 x tol 4 

8.25 X 10 14 4.16 x 1014 

5.85 X 10 14 2.88 x u) 14 

4.15 X 1014 2.0~ X Io14 

3.86 X 10 14 1.87 x 1 o1'4 I 
U'1 
-.J 
g· 
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Table XVII. Pressure and temperature dependence of experimental data 

for the tungsten-oxygen reaction,·. 

Pressure Rate constant 

Filament temp dependence a 
k2 

a 
(OK) (n) kl: 

1950 1.00 1.05010
22 

5.4 X 10
21 

L25X10
22 21 

2050 1.00 7.44X10 

2150 1.13 3.05X1o
23 

3.5 X 10
23 

2230 1.21 6.18X1 o
23 

2335 1.26 5.77Xlo
23 

2. 95 Xl o
23 

2410 1.23 4.95X10
23 

2.36Xlo
23 

2525 1.27 4.95Xl0~ 3 
2. l8Xl0

23 

2600 1.20 4, 75Xl0 23 . , 2.41XL0 23 

a For the calculation of k
1 

and k
2

, n = 1.26 was used iri the 

temperature range 2150 throug~ 2600 °Ko 
n n 

R32 = kl p ; Rw = k2P 

""' 
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Fig. 11. The rate of tungsten loss R and oxygen loss R 32 
as a function of the 'pressure o'f oxygen iri the reaction 
vessel (atm) at 195'0 °K. Dashed curves represent the 
experimental relationships. 
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Fig. 12. The rate of tungsten loss R and oxygen loss R 32 
as a function of th~ pres sure of oxygen in the reaction 
vessel (atm) at 20,50 ~K. 
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Fig. 13. The rate of tungsten loss R and oxygen 
lo,ss R 32 as a funct,ion of the pressure of 
oxygen 1n the reaction vessel (atm) at 2150 °K. 
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14~ The rate of tungsten loss R and oxygen loss 
R 32 as a function of the pressu'1e of oxygen in the 
reaction vessel (atm) at 2250 °K. 
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Pressure of oxygen (em) 
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Fig. 15. The rate of tungsten lqss · Rw and oxygen loss 
R 32 as a function of the pressure of oxygen in 
the reaction vessel (atm) at 2335 °K. 
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Pressure of oxygen (em) 
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Fig. 16. The rate of tungsten loss R and oxygen loss 
R

32 
as a function of the press~re of oxygen in 

the reaction vessel (atm) at 2410 °K. 
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Fig. 17. The rate of tungsten loss R and oxygen loss 
. R

32 
. as a function of the press~re 'of oxygen in the 

reaction vessel (atrn) at 2525 OK. 
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Fig. 18. The rate of tungsten loss R and oxygen loss 
R 32 as a function of the press~re of oxygen in the 
reaction vessel (attn) at 2600 °K. 
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T = 1950 °K 

~ ... 
T = 2150 °K 

- _ 0,036 over 

whole range 
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MU-26682 

Fig. 19. The probability that an oxygen molecule that 
strikes a filament will react as a function of 
pressure P in the vessel, at several temperatures. 
The solid-line curve is plotted from the equation. 
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T=2230°K 

0.011-~~+-H-+H~--+--+-1-H-t-++1----I~H-+++++1 
0.1 

O.Oba 

MU-26683 

Fig. 20. The probability that an oxygen molecule that 
strikes a fila:ment will react as a function of 
pressure' -P in the vessel, at several temperatures. 
The solid-line curve is plotted from the equation. 
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• T = 2525 °K 
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21. . The probability that an oxygen m0lecuie that strikes 
a filament will react as a function of pres sure P in 
the vesseL at several temperatures. The solid-line 
curve is plotted from the equation. 
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As can be seen from Figs. 11 through 18, the logarithm of the 

rate of reaction varies nearly linearly with the logarithm of the pres

sure. The slopes of the curves tend to increase as temperature in= 
0 . 

creases (Table XVII). Above about 2100 K, the rates vary approximately 

in proportion to Pl. 
26

. In Figs. 19 through 21, one can see that the 

logarithm of the reaction probability varies linearly with the logarithm 

of the pres sure at low pressures, but becomes independent of pres-

sure at high pressures. Figure 22 shows how the position of the maximum 

pressure for pressure dependence of the reaction rate varies with tempera

ture. 

Fig1,1re 23 shows how the reaction probability at constant pres

sure varies with temperature. Included in this figure are data of 

L · 7 d E. . 1 h d f h h . . . angm1,11r an 1s1nger. T e ata o t e t ree 1nvest1gat1ons are 

complementary and appear consistent. 

The slopes of the curves should give the apparent activation 

energy for the overall process. As can be seen, the activation energy 

is both pressure- and temperature-dependent. As the pressure is de

creas:ed•, th·e apparent activation energy becomes more negative. The 

value is presumably negative because the rate-determining step de

pends on the oxygen concentration on the surface", which in turn depends 

on the 0 2 pressure and the :temperature. For a fixed pressure of 0 2 
the surface concentration decreases rapidly with increased temperature. 

(see discussion section). In the high-pressure, low-temperature region 

the activation energy is positive. At high enough. pressure, the acti

vation energy loses its pressure dependence. This behavior implies a 

saturation of surface reaction sites. 

Figure 24 is an Arrhenius plot of the rate constant k for the 

rate of loss of tungsten and oxygen versus pressure data calculated 

from R = k Pn. The apparent activation energy in the temperature 

region 2150 to 2600 °~ is -11.0 kcal/mole. The apparent activation 

energy for the temperature region 1950 to 2150 °K is 16.5 kcal/mole. 
2 

Figure 25 is a plot of the rate of tungsten loss per em per 

second as a function of 1/T. As can be seen, the activation energy 

... 
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Filament temperature (°K) 

MU-26685 

Fig. 22. Pre~sure at which the reaction probability e loses 
its pressure dependency as a function of filament 
temperature (°K). 
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MU-26707 

Fig. 23. Probability e that an oxygen molecule striking 
a filament will react as a function of 1/T at 
constant pressure. 
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Fig. 24. Absolute rate-constant k, from the rate of 
tungsten)and oxygen-loss data, as a function of 
J/T. , 
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Fig. 25. Rate. of tungsten loss (atoms sec em ) as 

a function of 1/T at constant oxygen pressure. 
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becomes more negative as the pressure is decreased. At oxygen pres

sure. of 10-,
6 

atm, the appar~nt ac-t~y;atiqn energy is, ":'6.4 .kcal/mole; at 

10-7'atm it is -14.3to ..,1p.7 kcalJroo~e; and iil.t·lP-
8 

a:tm it is.-21.3 to 

. -~8.~kcal/mole. ,. .. ._, .· 

The rate of evaporation: of atomic .oxygen showed a? oxygen-

. p.r~.s sure dependency that was similar to .that of .Rw.' ··It can. be repre = 

sented 'by . ··{. . r 62oo~1- ·._· .· ··)· .· 
. R{ot_7.4exp [ RT]~ L5 , R~ 

• . . . . . . 0 .. 
in the temperature range from 1950 to 2600 ,K and the oxygen pres sure 

. '.· ... ·. i-'8 ' . ;;;;6 . . ... -: ·: . . .... ; . . ,• . 
range .from 10 to 10 atm. The rate of evolution of atomic _oxygen .. ·. . . ·' . '·': _.,, ..... --... 0 ._... •:- ... · ' ... 
becomes negligible at temperatures below 1900 K. 

' . .. (_. - . 
. . 
If all surface sites are assumed tobe of equal energies, the 

rate·~·£ tung~ten loss can be rep;esen~ed by an ex~ression o~'~he form 

', ' ' ' , 'll,w c 71 P(1.5- 9/~) exp[J~9 - dJ/R;r· ... ··••·· 
. . : ~ 

·• . 

. . ~he;re () is the fraction of surface. c 0 vered .. by:oxygenatom,s.· · 

According to Becker et aL 
2 

the fraction of surface' covered is 

: g~_V)~n._by _the- exp_~es ~i9n .· . - ,._ ·.· :: :- ... ·· ::- ... 

. · 8 = c2 pl/~ exp ~3 00~/R~J ', ~ ; 

' "' ; - • ~ .I • 

for 0 ~ e ~.1. .The, e11ergy of ads:arption:per mole .of oxygen .con-

verted to 2 moles of adatoms in the fir.~t layer<is 106 kcal/mole . 

. Ey~lua.tin:g .the co_nstant from t4e exper~ment_al data gives 

"8 :: ·0.013 P1
/

2 
exp (:;3 000/RTl '. '/ . 

~h~r~ press~r~ is in atm ~f o~-y-ge·n.. 
Evaluat-ing the ~onst~n~s ~:Ud using t;he expres_sionfqr 

~ . ) :, 

._1;' 
-~ • ,· J 

e, one 
\ ;: 'i 

has the' rat~ of'tungsten,loss givenby 
;, ·· __ . ---_ · .. ~ zz (i.5~eJ~> · '~ · .- 3 ,., 

. Rw - 6. 7X10 P1 ;, ·:!'.' .. , y exp :"rl37 •. 68-27.6)X10 /RTJ 

' 0 
in the temperature range from 1950 to 2600 _ K an,d the oxygen pressure 

range·h-drh:· io- 8 to·''1o- 6 at~·. '• 'The; \ralue· ~27~6;kta1/mole is the value 

d . t db B k 1 h h f 1· __ s .·_ba_--re-.·_ 2-. Th t. t. pre :+c .~. . y ec e r et a ... w_ e,n' t .. ~,.sur <Lce. . e- ac 1va 1on 
. . . ' : ... ·' ~ :. ' ~ . . . 
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. en,ergie's derived f;rom the experimental data appear to approach this 

· .. value as the coverage decreases (Table XVIII)" 

The, rate of tungsten loss should differ from the rate of oxygen 

disappearance by a factor of 1.5, if wo3· is 'the oxide formed.and1if 

no other re.actions occur that consume oxygen. Table XIX shows that 

the ratio of R 32 to Rw increases as temperatur~ increases. At 

1950 °K the ratio is slightly larger than 1.5, but at 2410 °K it has in

creased .to about 2: The increased ratio could result from the formation 
.. . 

of oxides with higher oxygen content, from the fo:bnation of atomic 

oxygen, or from some other side reaction. 

The oxide found in the reaction vessel is grayi~h.:..blue and is 

probably an oxygen-deficient form of wo3. 10 Since no ,oxides or other 

compounds are known in which tungsten is in an oxidatio~ state higher 

than +6, the formation of a higher ox:ide was discounted. The principal 

initial gaseous oxide could actually have been . wo2 or . WO, which would 

deposit on the walls and perhaps be oxidized by air when the vacuum 

· ~,was ~hr·oken. 

The. filaments had been treated in oxygen ~or many hours prior 

to the oxidation tests in order to minimize the reaction between carbon 

and oxygen. The filaments did not contain any other impurities that 

could react with large quantities of oxygen, there'fore 'the probability of 

a side reaction that would account for the oxygen ~os s is slight. 

Formation of atomic oxygen is thermodynamically favored, and 

its evolution .from hot filaments has been observed,2 so that it seems 

probable that the oxygen disappearance in excess of that expected from 

wo3 formation occurs' because atomic oxygen was evaporated from 

the filaments an,d subsequen,tly trapped by the reaction at the vessel wall. 

The total rate of loss of 0 2 by formation of tungsten trioxide 

arid by dissociation is given by 

__ R~ 2 ,;=_ 5X10~~· exp[ -:-6200/RT] p(l.S-e/2lexp[ -(37.68~27.6)1,0~/RT] 
in the temperatur·e· range .from 1950 to 2600 °K and in the oxygen pressure 

-8 -6 range from 10 to 10 atm. 
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Tabl~ XVIII. Apparent activation .energies for the reaction 

.'!YJ.~J + 3/2 0 2 (g) ::: W03 (g) 

derived· from the data. 

Pressure 
Apparent activation· energy 

(kcal/ mole) 
(atm) 

;.;6 
10 
10~ 7 

1o- 8 

From E 

-5.9 

-14.7 

-21.2 

\ 

From Rw Average 

-604 - 6.1 

-10.7 -12.7 

-18.3 -19.8 
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.. 
Temgerature ·:R./R······ 

( K) . 32 w 

'' 
. ;·. .. 

1950 1.59 

2050 L 71 

2150 L87 

2335 2,07 

2410 L99 

2525 2., 16 

2600 2,00 
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The probability that an oxygen molecule that strikes the fila= 

ment will disappear from the gaseous phase by some mec:}lanism can 

be givenby 

· [ 6 1 · 05 - 812 ·[ · 6·e· 6· ·· 3 /RT E = 1.9 exp - 200 RTJ .. p · . exp -(37; -27. )XlO .. J 

for an oxygen gas temperatur~ of 300 °K. 

The derived equations are plotted in Fig. 11 through 21 along 

with the experimental points .. As can be seen, the equations agree 

fairly well with the experimental data for all coverage. The apparent 

activation energy predicted by the equation is 10 kcal/mole for fJ= 1. 

The· experim:ental va!ueis ;;~;'QQut · 14: kcal/r:nQle•: t.:At lQ-:8J%tm tl;l;e:~ppa-rent 

p.~:t.~va!!:iQU! .. ~l(l.~}i''g,Yj·l:! ~cl():S~./tQ,J.P:e.,pt~P.icted theoretical value of ·~27 ,6 kcal/mole. 

The rate equation also states that the rate of reaction should 

·decrease as the temperature increases in the low coverage region. 

Figure 24 shows that this is actually the case in the pressure and 

temperature range of this investigation. 

The reaction probability is observed to lose its pres sure de

pen~ence ~s the pressure is increased. This behavior agrees with 

findings of Langmuir that his reaction probability was pressure-in-
7 dependent. 

The outward appearance of the filamez{ts did not change after 

they had been heated for about 50 hours, regardless of the tempera

ture. This means that the factor of surface roughness can be considered 

as a constant for all the oxidation tests and represents only a small 

constant error in the data. 
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. : ... ' .... ,. . i::: ~: . :·· . '': _.. ' 

·D.· Discussion 
. 0 

Between .2050 and 2150 K, the absolute rate constant changes 

by more than an order :of rn,agnitude. F;urthermore, the apparent 

activation energy for reaction derived for a constant pressure of oxygen 

changes signs in this experi~ental range. Becker et al. proposed a 

theory that seems to explain these results. 
2 

Derivations of their equations 

are repeated in Appendix B for reference" The pressure' range investi-
-11 -8 .·. 

gated by Becker et al. was l.3Xl0 to 1.3Xl0 atm oxygen. They 

argued that the surface concentration of oxygen atoms is proportional 

to the square root of the oxygen pressure if no interaction occurs be

tween the adsorbed .atoms. The rate of formation of W0 3 depends 

upon three oxygen atoms u coming together, so in the first layer the 

rate should be proportional to the oxygen pres sure to the 1. 5 ·power if 

no interactions occur"· When the surface is completely 'covered, the 

rate depends upon the concentration of 'the atoms in the first 'layer and 

in the second layer. As shown by Becker et al., this gives a dependency 

on the pressure to the first power. 

A set of equations can be derived from these premises: 

(a) For oxygen coverage of less than 0.5 of the possible first 

layer coverage at 2000 to 24 000 °K, the reaction probability is 

1/2 . 
e 1 = C P exp [ (1. 5 cj> 1 h- cj> 1 e) jk T] e , 

where cj>lh .is the energy of adsorption per molecule of oxygen converted 

to two adatoms in the first layer, .+.
1 

is. the heat of formation and 
't' ev · 

evaporation of a W0
3 

molecule, and . C is a constanL 

oxygen loss is given by 

The rate of 

R 32 = vPe 1 or R 32 = C 1 Pl.
5 

exp[ (L5cp 1h -cj>iev)/kT] e. 

Becker et al. found 1.5 cj>Ih -cp1ev = 1. 2ev, or 27.6 kcal/mole. 

(b) For complete oxygen coverage on the first layer, and from 

0.01 to 0.5 in the second layer, 

e = C" exp [- (cl>2ev- cl>2h)e 1 
2 k'l' J ' 

.·where cj>2ev is the energy of formation and desorption of wo3 for the 
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second layer of oxygen, and <P 2h is the energy of adsorption per 

molecule of oxygen converted to two adatoms in the second layer. 

The rate of oxygen loss is given by 

. . 1 [ (<1>2ev"<l>2h)e] 
,R32::q '"-p exp [ kT . ' 

where <1> 2 ·. - <1> 2 = 1.1 ev, or 25.6 kcal/mole. ev v 
Be~ker et al. treated the rate of reaction only in the regions 

8 < 0.5, and 8 < 1.5 but greater than 1.01. This means that the 

activation energies that they derived are for a surface of noninteracting 

.adsorbed atoms, and for a complete monolayer which behaves as if it 

were a new clean surface. 

The Becker theory predicts that the apparent activation energy 

should be negative for low coverage and positive for high coverage 

and should change as the coverage increases from 0.5 to 1.0. It also 

predicts, for low coverage, that the reaction probability. should depend 

uponthe square root of the pressure, whereas for.high~c:ovel1ci.g~s.iL ,: 

sliquld be independent of pres sure. 

The pressure range studied in this research was higher than 

that studied by Becker et al. 2. and Eisinger, 1 and lower than that studied 

by Langmuir. "If Becker 1 s analysis of the earlier data is correct, this 

pressure range is that which produces surface coverages from a small 

fraction of a monolayer up to nearly a complete monolayer. 

When interaction among adsorbed atoms and molecules becomes 

significant, the heat of conversion of a mole of molecular oxygen to 

two moles of adatoms decreases from 106 kcal/mole, which is the 

value characteristic for low coverage .. With complete monolayer 

coverage, the heat reaches 53 kcal/mole. The heat of activation for 

formation and evaporation of wo3 also decreases from about 120 

kcal/mole for low surface coverage to 76 kcal/mole for complete mono

layer coverage. The net result is that the apparent activation energy 

for . W03 evolution increases from -27.6 to 25.4 kcal/mole. This 

changing activation energy can be represented by the relationship. 
38 .6.H = E - b8. 
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If interac~ion occurs, the dependence of the rate O!l .. pres sure 

will be less thanL5 in the first layer, and great~r thanl in the second 

layer. For intermediate coverage, the pressure dependence can_be 

represented by 

n = l.5-a8 . 

_From the foregoing a_rguments it se;ems reasonable that the rate 

of- wo3 formation ,should be given by a relation o-£ the form 

Rw
. _ CP·l.5-a8 _[- E-bB J _ .-
0 - - exp - . RT __ _,._._ 

. 3 . •- . 

At high pressures and low te~per:atures, the apparent activa

tion energy fourid in this research is positive {Figs. 23 and 2.4). The 

rrtaximuni apparent activation energy is so~e~hat !O:we'r than the pre

dicted value of 25.4 kcal/mole. The ~alue 'derived :from 'these data 

is 14 k~al/mole. At low pressure' and highe~ temperatures the apparent 

activation energy appears to approach'-27,6 kcal/mc;;le, in agreement 

with prediction. 

The pressure dependence of the reaction probability was found 
. . 

to approach 0.5 as the temperature was increa~ed-·arid became inde-

pendent of pressure at the higher pressurei. The pressure depen,dence 

of the rate of r~actionis 1.0 at the lower temp·eratures andincreases 

as the temperature 'increases, as shown in Table XJIX._ All this agrees 
. . . . 

·with the behavior that Becker.· et a1. predicted from lower-pres sure 

data. ·-· 

The pressur~ .dependence of the temperature-independent maxi

mim in' e · was found to be. 0.16-, as shown in Fig. 26. This agrees 

quite well with Becker us estimated value of about 0. 25. 

In the preceding sect1~n, the disappear~n~e-'of oxyge'n from the 

gas phase in excess of that required for · W0
3 

formation ·was attributed 

to ato~ic oxygen evolution. B~cke;·et al. repo~ted that ~ignificant 
- - - - . ' ' •' -_ ' _., 0 - ' 

quantities of atomic oxygen were evolv-ed at z:z.oo :K a:nd surface 

cove.rage less than O.Ol~ Thl.s.-'p~~cess-'prob,ably w6u:id .follow a P
0
z 

rate dependence. The observed oxygen loss, which was assumed to 

.•. 
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Pressure of oxygen in reaction vessel (atm) 

c: 
Q) 

0> 
>. 
)( 

0 -0 

MU-26708 

Fig. 26. Maximum reaction .probability E as a function max 
of oxygen pressure. 



result. from atomic oxygen formation, in this investigation occurred at 

higher pressures and showed a more pronounced 0 2 dependenceo 

A reasonable hypothesis is that at high surface coverage oxygen atoms 

evaporate principally as the result of a coUision of an oxygen molecule 

with an adsorbed oxygen atomo The reaction must split the oxygen 

molecule to yield one addition.al adsorbed atom and one vaporized atom. 

This would mean that the rate of evaporation of atoms would be given 
l 0 

at constant temperature by, R(O} = CP . e, where e is the fraction of 

surface covered by oxygen atoms in the filrst layer. At low coverage, 

the fraction of surface covered will depend upon the pressure to the 

0.5 power. The pressure dependence of 8 approaches zero for mono

layer coverage. As fL result, the rate of evaporation of oxygen atoms 
' depends upon pressure from the L5 to 1 power depending on how com-

pletely the first layer is covered. 

The ratio of atomic oxygen evolution to W03 evolution increases 

slightly with temperature at constant pressure. This fact reflects a 

more positive activation energy for atomic oxygen evolution. The 

data revealed the activation energy for atomic oxygen evolution to be 

more positive than that for wo3 formation by 6.2 kcal/mole. 

The agreement between these data for polycrystalline tungsten 

filaments and the single-crystal data of Eisinger
1 

is striking. This 

investigation indicated that the reaction probability for pure tungsten 

.and oxygen is from 0.01 to 0.06, depending onthe fraction of surface 

coveredo Eisinger calculated reaction probabilities of nearly unity 

for the polycrystallirie tungsten oxidation studies of Schlier and Muller. 

Possibly their tungsten specimens were so highly, contaminated by 

carbon that carbon monoxide formation was the principal reaction that 

occurred. 

The calculations for the weight loss and sudace area of the 

tungsten filaments have in them the tacit assumption that the region 

near the connectors does not enter into the reaction. As can be. SJ.een 

in Fig. 6, this assumptionis not strictly valid, 
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. -8 -6 -
~the press;ure range of this study (10 to 10 atm) the 

maxiin.urn· rate of reaction occurs at about 1900 °K. -All the filament 
'-

.temperatures were greater than _this, but the length of filament over 

which a high reaction rate was observed was less than 0.5 em, and the 

filament.diamete_rs in this section were only about 10% less than were 

diameters in the midportions at ·completion of the experiments. The 

temperature me.asurements were not, therefore, seriously affected. 

·The length of.the temperature-gradient region where reaction 

occurs '(Fig. 6) was .less than 2. em, compared with the total filament 

length of more than 40 em. The errors introduced into the calculated 

rates .by reaction in the temperature-gradient region are estimated .to 

be not more than 5%. 

E. Conclusions 

1. In the temperature range from 2150 to 2600 °K, the rate of reaction 

oftungsten with oxygen gas decreases with increasingtemperature 

.and depends upon about the !.,26th power of the oxygen pressure in the 
-8 -6 

range from 10 to 10 atm. 

2. In the temperature range from 1950 to 2050 °K, the reaction 

probability, E, is independent of pressure, and R 32 and ~w depend 

upon the pressure of oxygen gas to the first power over the pressure 
-8 -6 

range from 10 _ to 10 atm. 

3. E v;aries from about 0.01 to 0.06 and the reaction rate varies from 
13 16 2 . 

about 10 to 10 molecules/sec/em 1n the pressure range from 
-8 -6 0 

10 to 10 atm and the temperature range 1950 to 2600 K. 

i. The ratio of R 32 to Rw is pressure-indt:!pendent in the range 
·~8 -6 

10 to 10 atm,. and increases from slightly greater than 1.5 at 

1950 °K to about 2 at 2400 °K. 

5. The fraction of surface covered by oxygen atoms ranges from 0 

to 1 depending upon the temperature and pressure. Coverage can be 

represented by the relationship 8 = 0.013 pl/Z exp( 53 000/RT]. 

6. The rate of tungsten loss or tungsten trioxide formation is given 

by the expression 



in the temperature range frdm. 1950 to 2600 °K arid in the pressure 
-8 -6 range from 10 to 10 atm Of oxygen. ·This expression simplifies 

to the relationships predicted by Becker et aL at low coverage and at 

high coverage. 

7. Above 1900 °K, atomic oxygen· evaporates froni the filaments in 

measurable amounts. ·The rate is given by 

R(O) = (7.4 exp[-6200/RT]- 1.5} R w .. 

in the temperature region from 1900 to 2600 °K and the pressure region 
-8 -6 

from 10 to 10 atm of oxygen. Atomic oxygen probably is the proquct 

of collision of 0 2 gas molecules with chemisorbed oxygen atoms . 

8. The total rate of oxygen loss can be represented by 

R
32 

= 5Xlo 23 exp[ -6200/_R.T] P(l.S-ejZ)exp[ -(37.6 8-27.6)Xl0
3 
/RT]. 

The probability that an oxygen molecule that strikes the filament will 

react is 

e = 1.9 exp[ -6200/RT] P(O.S-ejZ)exp[ -(37.68-27.6)Xl0 3 /RT] 

. . 0 . 
in the temperature range from 1950 to 2600 K and the pressure rang~ 

-8 =6 from 10 to 1 0 atm of oxygen,-

·:, .: 

... 
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IV. TUNGSTEN-NITROGEN REACTION 

A. Introduction 

The reaction between nitrogen gas and tungsten filaments was 
46 . ~ 

first studied by ~angmuir in 1913. He reported that WN 2 was 

formed by the reaction between tungsten vapor an.d nitrogen. He 

·found that from zero nitrogen pressure to about 0. 001 mm Hg the rate 

of reaction is proportional to the product ofthe rate of evaporation 

and the pressure_ of nitrogen.- For pressures from 0.003 to l.mrn Hg, 

the rate is proportional to the rate of evaporation of tungsten and is 

independent of the nitrogen pres sure. 

Langmuir believed that th,e reaction occurred in the gas phase 

and was limited by the rate of sublimation of tungsten. The temper

ature .exc.e~ded 2400 °K before any reaction could .be noted.- At 2640 °K 

he observed a rate of disappearance of nitrogen of only about 2X1 0
14 

molecules/ sec/ em 2 for a pressure of about 0. 060 mm Hg. 

Perkins and Crooks reported that they were unable to detect 

any measurable reaction in 15 mm Hg pressure of_ pure nitrogen at 

2600 °K. 
3 

B. Results 

A tungsten filament was heated to greater than 2800 °K in a 

pressure of nitrogen of 10- 6 
atm. No evidence of reaction was de

tected. This result places the·limit of reaction at less_than 10
13 

I I 2 -8 -6 
molecules sec per em in the pressure range of 10 to .1 0 atm 

of nitrogen and. temperatures up to 2800 °K. The rates of reaction 

the apparatus. 

reported by Langmuir are too low to observe without modification of 
_j •. 

'·,#. 
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V" TUNGSTEN-NITRIC OXIDE REACTION 

A" Introduction 

Yuan, Slaughter, Koerner, and Daniels studied.the decom

position of nitric oxide in. a packed aluminum oxide vesseL 
47 

The 

pres sure of nitric oxide was from 0" 0 5 to 0" 15 atm with the gas stream 

diluted by helium and nitrogen". The reaction is zero-order and 

heterogeneous below ll 00 °K, with."an activation energy of 24.5 

kcal/moleo. In the region above 1400 °K :it is second-order and 

homogeneous, with an activation energy of 70 kcal/mole. The inter

mediate region shows complex behavior" 

Wise and Frech found an activation energy of 21.4 kcal/mole 

for the low-temperature heterogenous reaction and 82 kcal/mole for 

the high-temperature homogeneous reaction" 
48 

They also foUnd that 

nitrogen poisons the surface for the heterogeneous reaction" 
49 

Kaufman and Kelso report that nitric oxide decomposes in a 

quartz vessel by a homogeneous second-order reaction above 1400 °K 

with an activation energy of 63"8 kcal/mole. 
50 

Farber, Darnell, and Ehrenberg studied the corrosion of 

several metals by a mixture of 5o/a nitric oxide, 95o/o argon flowing at 

a rate of 100 cc/minute" 9 Table XX gives the activation energies 

that they found. They concluded that, since the apparent activation 

energies for the tungsten-oxygen and tungsten-nitric oxide react;ions 

were nearly the same at the higher temperatures, 13"8 and 14.7 

kcal/mole respectivelyl the rate of dissociation of nitric oxide in 

the temperature range 1510 to 1840 °K is. not the rate-determining 

step in the corrosion process" 

No low-pressure very-high-temperature studies of the nitric 

oxide -tungsten reaction have been reported. An investigation of the 

reaction was undertaken because comparison with the oxygen reaction 

promised to be interesting" 

Since nitric oxide dissociates readily on hot filaments, and 

since nitrogen at low pressures does not react with very hot tungsten 

filaments, the mechansim of oxidation of tungsten by nitric oxide 

should be similar to that for oxidation by oxygen" 
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Table XX. ·Apparent activation energies for the reaction of metals 

with 0 2 and NO gas (pressure = 1 atmosphere) .. 

Metal 

Fe 

Ni 

Cu 

w 

Mo 

Ta 

E 

13.8 1200-1500 

14.0 1220-1600 

5% NO; 95o/o A 

E kcal/mo1e {°K) 

9.0 950-1150 

21.0 1150-1225 

41.6 1090-1220 

9 .. 5 1100-1270 

60. 1390-1510 

14.7 1510-1840 

42.5 1430-1840 

100. 1470-1540 

25. 15.40-1740 
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The tungsten-nitric oxide reaction is more complicated than 

the tungsten-oxygen reaction, however, be~ause three gases are 

pres~nt in the reaction vessel--nitric oxide,. oxygen, and nitrogen-

and the tungsten surface has both nitrogen and oxygen atoms adsorbed 

on it.· 

B. Proce-dure 

The tungsten-nitric oxide reaction was carried out in exactly 

the same manner as described for the tungsten-oxygen reaction in 

Sec.- III. 

The nitric oxide gas was stated to be 99% pure. However, 

there was not enough impurity present to be detectable with the mass 

spectrometer. The major impurities were oxygen and nitrogen. whose 

·initial concentrations could not be determined because oxygen and 

nitrogen were fo-rmed by dissociation of some nitric oxide in the mass 

spectrometer. 

The rates of reaction were studied as ~ function of filament 
0 -8 

temperatures from 2050 to 2600 K and gas pressures from 10 to 
-6 

10 atm. 

C. Results 

The study of the tungsten-nitric oxide reaction must be sep

arated into two parts: 

(a) dissociation of nitric oxide, 

(b) oxidation of tungsten by nitric oxide or oxygen derived 

from nitric oxide. 

Tables XXlthrough XXV representthe data ,.fo.r the reaction 

and the rates that were found. Here e _ represents the probability 

that a nitric oxide molecule that strikes the filament will disappear 

through reaction; Rw(net) and R
32 

(net) represent the rates of tungsten 

and oxygen loss through the tunsten-nitric oxide reaction excluding 

the tungsten-oxygen reaction .. These- values were determined by 

measuring ,the total rate and then subtracting from that the rate of 

reaction of_ tungsten with oxygen produced by dissociation of nitric 

oxide. 



Table XXI. Experin'l~ntal data for the tungsten-nitric oxide reaction at 2050 °K. 

P:30 with p30 p28 p32 R30 R28 R' 32 R R R32 R32 E w w 
filament 

cold (net) (net) 

l.09xlo- 6 6.83XI0- 7 2.77xi0-7 1.2 XI0-8 1.89xlo16 1.24xlol6 5.35xlo14 6.88X10 15 6.88x1o 15 1.19X10 16 1.19X10 16 0.0985 

1,01x1o-6 5.9 xi0-7 2.5 x1o-7 8.75xi0-9 1.88X10 16 1.12X10 16 3.33xio14 1.09X10 16 1.09X10 16 0.117 

8.8 x1o-7 4. 72X10-7 2.3 xlo-7 8.75x1o- 9 1.68X1016 9.37X10 15 3.58X1014 9.01x1o
15 

9.01X1015 0.117 

8.55X10-7 5.3 X10- 7 2. 24X1 0-7 1.2 XI0- 8 1.49X10
16 l.03x1o 16 

5.52X10
14 

4.98XI0 15 4.98x1o15 9.7 XI0 15 9.7 x1o 15 0.113 

7 XI0- 7 4.13xi0-7 1.91X10-7 1.11)<10~ 8 1.26X10
16 

8.35X10 15 4.82X10
14 

4.12X10 15 4.12x1 o 15 7.85X10
15 

7.85X10
15 

0.118 

6.o6xi0- 7 3.4lxlo-7 1.58xi0-7 7.44xlo-9 1.19XI0 16 7.09xio 15 3.33xi014 6. 76xio15 6. 76x1o 15 0.126 

4.9 x1o- 7 2.53xio-7 , 1. 3 x1 o-7 7.25XI0- 9 9.64x1o 15 5.35X10 15 
2.94x1o 14 5.06x1o

15 
5.o6x1o 15 0.135 ·• 

1.11X10-8 ;. 71Xl015 
...!) 

4;3 x1o- 7 2.48xlo- 7 1.13xi0-7 8.82x1o 15 5.50x1o15 4.35x1o 14 2.71XI015 5.oox1o15 5.00xi0 15 0.137 ..... 
I 

1.41x1o-7 6.59x1o- 8 4.35x1o- 8 4.9 xio-9 3.o5x1o 15 1.77xi015 1. 98x1 o 14 1.57X10 15 1. 57x1o 15 0.161 

l.l3X10- 7 5. 77x1 o-8 3.56x1o-8 7.65x1o- 9 2.6 x1o 15 1.67x1o15 3.59x1o14 4.57xlo14 4.57X1o 14 1.31X1015 l.31XI0 15 0.17 

7.25x1o-8 3.53XI0-8 2. 77XI0- 8 3.98x1o-9 l.51x1o 15 1.12x1 o 15 1.62x1o14 9.6oxi0 14 9.6ox1o 14 0.168 

6.95xi0- 8 3.o6x1o-8 2.3 x1o-8 5.8 xi0-9 1.9 Xl0 15 l.l3Xl014 2.84x1o14 2.67x1o14 2.67x1o 14 8.5 x1o 14 8.5 >< 1014 0.212 

6.3sxio-8 2. 7 x10-8 2.04xlo-8 3.20Xl0- 9 I.6sxio15 9.25Xl0 14 1.45Xl014 7~8 x1o 14 7.8 Xl0 14 0.229 

3.65xi0-8 1.41x1 o-8 1.38X10-8 4.9 x1o-9 l.07x1o 15 6.6 xi014 2. 33Xl o 14 1.30XI014 
1. 30xl o 14 4.27X10 14 4.27Xl014 0.205 



Table XXII. Experimental data for the tungsten-nitric oxide reaction at 2230 °K. 

P 
30 

with p30 p28 p32 R30 R28 R' 32 R R R32 R32 w w 
filame"nt 
·cold (net) (net) 

l.llXl0- 6 5.4 xlo- 7 3.69Xl0- 7 5.2Ixio-8 2.5Ixio 16 1.63xio16 2.28xio1 5 1.4 Xl0
16 1.4 x10

16 
0.184 

9.66xio- 7 3.89Xl0- 7 2.7 Xl0-7 5. 38xl o - 8 2.88Xl0 16 
1. 35Xl0

16 2.68x1o
15 

l.08xio
16 

1.08Xl0
16 0.208 

8.84Xl0- 7 3.l2xio-7 2.7 Xl0-7 4.42Xl0- 8 2.28Xl0 16 1.08Xl016 l. 78Xl0
15 

9.0 Xl0 15 
9.0 x1o 15 0.232 

6.42Xl0-7 2.65xlo-7 2.04Xl0- 7 4.27xi0-8 1.67xl o 16 9.05xio 15 1.89xio15 1.16x1o 15 7.16xio 15 0.253 

5.54X10- 7 2.29x1o- 7 1.65Xl0-7 4.42x1o-8 1.61x1 o
16 

8.21X10
15 2.20X10

15 
6.01XlJ

15 
6.01Xl0 15 0.252 

5.18X10-7 1.65X10-7 l.58X10- 7 3.48x1o-8 l.42x1o 16 6.32Xl0 15 l.40X10 15 4. 95X1 o 15 4. 95x1 o 15 0.266 I 

xio- 7 l.l7Xl0-7 1.03X10-7 3.4 x1o- 8 9.23x1o 15 5.12xio 15 2.2 Xl0 15 6.o1x1o 15 6.o1x1o15 
...0 

3 0.292 N 
I 

1,53Xl0-7 5 Xl0-8 5.13xlo-8 1.90Xl0-S 4.55xio15 2.28XI0 15 8.4 XlOl 4 3.27Xl015 3.27Xl0 15 0.360 

1. 53Xl 0-7 4.9 Xl0- 8 5.6 xlo-8 1.9 Xl0-8 5.19xlo15 
z.39xio

15 9.46X10
14 

1.84x1o15 1.84x1o15 0.432 

1.36Xl0-7 3.89Xl0- 8 5.0 Xl0-8 1.82Xl0-8 3.86xio15 2.01X10 15 7.3 Xl0
14 

l.28Xl0
15 1.28x1o15 0.350 

7.42x1o- 8 I.88x1o- 8 1.84Xl0-S l.llxio-8 2.45xlo 15 8.17X10 14 4.90Xl014 3.27xH)14 3.27xio 14 0.460 

· 6.85xlo- 8 2.12X10- 8 2.37xlo- 8 1.07Xl0-8 2.37xio 15 1.18Xl015 4,8 Xl014 7,8 x1o 14 7.8 x1o 14 0.416 

.. -



Table XXIII. Experimental data for the tungsten-nitric oxide reaction at 2335 OK. 

P
30 

with P3o P28 p32 R30 R28 R'32 R R R32 R32 w w 
filament (net) (net) 
cold 

1.02XI0-6 2.95Xlo- 7 3.25Xlo- 7 1.33Xl0- 7 
3.62Xlo 16 1.62Xlo 16 6.64Xlo 15 9.5 Xlo 15 . 7.84Xlo 15 0.438 

1.0 Xlo- 6 2.83Xl0- 7 3.62Xl0- 7 1.24Xl0- 7 
2.89Xlo

16 
1.45Xlo 16 

4;88Xl0
15 4.6 Xl0

15 
3.92Xl0

15 
9.58Xl0

15 
8.16Xlo

15 
0.363 

8.9 Xl0- 7 2.48Xl0- 7 3.29Xl0- 7 1.34Xl0- 7 2.64Xlo 16 1.35Xlo 16 5.55Xlo 15 
7.90Xl0

15 6.34Xl0 15 0.407 

5.65Xl0- 7 1.36Xl0- 7 1.91Xl0- 7 8.23Xl0- 8 2.15Xlo 16 9.54Xl0 15 4.11Xl0 15 S.43Xlo 15 4.64X1o 15 0.550 

5.24Xl0- 7 1. 24X10 - 7 1.97Xl0- 7 8.23X10- 8 1.58Xio 16 
7.79X10

15 3.27Xl0 15 1.40X10 15 1.16X10 
15 

4.52X10 15 3. 73X10
15 

0.463 

5X10- 7 1.15Xl0- 7 1.84Xl0- 7 9.02Xl0- 8 1.58X1o 16 7.58X10 15 3.71X1o 15 3.87X10 15 2.96X10
15 

0.510 

4.12Xl0- 7 9.42Xl0- 8 1.51Xl0- 7 6.92X10-S 1.27Xlo
16 6.2ox1or5 

2.81Xlo
15 

9. 7 X10
14 

8.9 X10
14 

3.39X10
15 

2.76X1o 15 I 

0.504 ._!) 

V) 

2.88Xl0- 7 6.24Xlo- 8 
1. X10- 7 4.58X10-S 1.14X1o

16 
5.0 X1o

15 2.29XI0 15 2.71X1o 15 2.36X10 15 0.625 
I 

1.65X10- 7 3.06X10- 8 6.4 Xl0- 8 3.24X10-S 5. 77X10
15 2.61X1o 15 1.33X10 15 1.28X10 15 l.06XI015 0.650 

1.45X10- 7 2.60X10- 8 5.92Xl0-S 3X10-S 4.58X1o 15 2.37X10 15 1.2 X10 15 
3.04X10

14 2.52X10
14 

1.1 7X1 0
15 

9. 7 Xlo
14 

0.658 

~62X10- 7 3.18X10- 8 5.27X10- 8 2.69X10-S 6.50X1o 15 2.63X1o 15 
1.35X1o

15 1.28X10 15 1·.11X10 15 0.724 

6.85X10- 8 1.41X10-S 2.96X1o- 8 1.28X10- 8 2.71X1o 15 
1.48X10 

15 6.4 X10
14 

8.4 X10
14 

7. 79X10
14 0.736 

4.9 X10-S 7.55X10- 9 2.5 Xl0- 8 1.16X10-S 2.30X10 15 
1.01X10

15 4.66X10 14 
8.75X10

13 
7.9 X10

13 5.4 X10 14 4.88X10
14 

0. 795 

8.7 X10- 9 1.2 XI0- 9 1.16X10- 8 3.14X10- 9 0.940 



Table XXIV. Experimental data for the tungsten-nitric oxide reaction at 2525 °K. 

P
30 

with p30 p28 p32 R30 R28 R' 32 R R R32 R32 w w 
filament 

cold (net) (net) 

1.11x1 o-6 2.06x1o_7 4.47xlo-7 2.29xlo- 7 3.64Xl0 16 1.79xlo16 9.2 Xl0
15 

8.7 x1o 15 6.14xlo 15 0.685 

l.06xlo- 6 2.12X10-7 4.15x1o-7 2.o5xlo-7 4.2 x1o 16 2.07xlo 16 1.02X1016 1.05X10 16 8.3 X10 15 o. 745 

9.5 xlo-7 .·1.76x1o-7 4.35X10-7 2.37X10- 7 3.59Xl0 16 1.77Xl0 16 9.65xlo 15 1.7 x1o 15 1.13xlo15 8.1 x1o 15 5.38Xl0 15 0.655 

8.9 X10- 7 1.48Xl0-7 3.62Xl0-7 1.74x1o-7 3.8 Xl0 16 1.86xlo16 8.91Xl0
15 

9.7 x1o 15 7.89Xl0
15 0.720 

7. 6 5x1 o - 7 1.08Xl0-7 2.63X10- 7 1. 51X10-7 
2.4 X10 16 9.81x1o 15 5.65x1o 15 4.16x1o 15 2.8 x1o 1 5 o. 78 

5.95x1o-7 1.14X10-7 2.3 xlo-7 L36x1o- 7 2.4 X10
16 

1.15X10 16 7.45x1o 15 4.1 xlo15 2.8 X10 15 0.875 

5.65x1o- 7 8.36xi0- 8 2.24x1o-7 1.04X10- 7 1.92X10 16 8.95x1o15 4.I6x1o 15 4.79xio15 3.87x1o 15 0.855 

5.6 x1o-7 8.7 x1o-8 2.37Xl0-7 1.22X10- 7 2.42x1o 16 1.21X10 16 6.24X10
15 

6.9 x1o 15 5.76X10 15 o. 78 

4.71x1o-7 6.25x1o-8 1.51x1o-7 9.5 X10- 8 1. 52X10 16 5.65x1o 15 3. 5 3xlo 15 2.42x1ol5 2.31XI015 0.925 

4.3 x1o-7 6.llxi0-8 1.65x1o-7 9.8 x1o- 8 1. 54x1o 16 6.88x10 15 4,1 x1 o 15 7.82X10
14 

5.48X10
14 

2.78x1o15 
1.95X10

15 
0.93 I 

....0 

2.88X10-7 4.13x1o-8 1.13X10-7 4.5 xio- 8 1.24X1016 5.65xio 15 2.25X10 15 3.4 x1o 15 . 3.09X1015 ..t>-
1.09 I 

l. 76Xl0-7 2.o6x1o- 8 7.25X10-S 3.55X10-S 6.22XI015 2. 71Xl015 1.42Xl0 15 1.29x1o 15 1~o6x1o 15 1.10 

l.71X10-7 2.17xi0- 8 7.38Xl0- 8 3.71x1o- 8 7. 7 Xl015 3. 78xl015 1.9ox1o 15 l.88X10 15 l.64x1o 15 ·o.98 

1.53X10-7 2.12X10- 8 6.12X10- 8 2.69x1o- 8 6.57X10 15 3.05X10 15 1. 34X1 015 1. 71x1 o 15 1.55x1o1 5 1.00 

1.41x1o-7 1.53X10-8 5.80Xl0-8 2.95x1o-8 4.6 5X1 0 15 2.16x1o 15 1.15X10 15 1.01X10 15 8.4 X10
14 1.10 

l.l3x1o-7 1. 24x1 o- 8 · 5.4 Xl0- 8 2.83X10- 8 4.16X10 15 2.23X10 15 1.17X1015 4.88x1o 14 4.10X1014 l.06x1o
15 8.9X10 14 • 1.24 

7.81X10-8 8. 71X1 o-9 3.95X10-8 1.83xi0-8 2.85Xl015 1.62x1o 15 7.5 x1o 14 1.76X1014 1.57X1014 8.7 x1o 14 7.78x1o14 1.20 

7.05Xl0-8 1.27x1o-8 3.42xlo-8 1.42X10-8 2.99X10 15 1. 72X10 15 7.1 X10 14 
l.OOXI0 15 9.6 X10 14 0.865 

7 Xl0- 8 7.55x1o-9 3.16x1o- 8 1.44x1o-8 2.50XI015 l.22X10 15 5.76Xl0 14 7.4 Xl014 6.80x1o14 1.20 

1.62x1 o-8 2.24x1o-9 1.2 Xl0- 8 3.05x1o-9 6.07X1013 5.9 x10 13 5.8 x1o 14 0.915 

• r 



\, 
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Table XXV. E:x;perimental da,ta for the tungsten-nit.ric oxide reaction at 2600 °K. 

P 30 with p30 P28 p32 R30 R28 R' . R R R32 R32 32 w w 
filament (net) (net) 

cold 

1.04Xl0'"6 1. 71X10- 7 4.28Xl0- 7 2.21Xl0- 7 4.38X10 16 2.15Xlo
16 

1.11X10
16 1.04Xl016 8.2 Xlo 15 0.962 

9.97X10- 7 1.18Xl0- 7 1.54XI0
15 1.32Xl0 15 

9.6 X10- 7 7.89Xl0- 8 3.95X10- 7 1. 78X10- 7 3.35X10 16 
1.50X10

16 6. 78X1o
15 8.20X1o 15 ~.45XI0 15 1.36 

5.7 X10- 7 8.02Xl0- 8 .· 2,3 X10- 7 1.14X10- 7 2.47X1o 16 1.16X10 
16 

5. 72X10
15 5.9 X10 15 4.9 X10

15 
1.14 

5.46X10- 7 4.48Xl0- 8 2.3 Xl0-7 1.03X10- 7 
1.91X10

16 
8. 78X10

15 
3.91Xlo

15 4.87X10 15 3,96Xl0 15 
~.57 I 

4.53X10.:. 7 4.Z Xl0- 8 6.32X10
14 

5.4 X10
14 ...0 

Ul 
I 

3.48Xl0~ 7 4. 71Xl0- 8 1.23X10- 7 6.95X10- 8 1.51X1o 16 6.17X1o 15 3.50X10
1
·
5 2.67Xl0 15 2,10X1o 15 

1.13 

f.53Xl0- 7 1.53X10- 8 8.04X10- 8 1.42X10-8 
5.0 X1o

15 
3.06X10

15 
5.42Xl0

14 2.52X1o 15 2.44X1o 15 
1.20 

1.48X10- 7 1.83X1o:- 8 5.8 X10- 8 2.13Xl0- 8 6.5 X1o 15 
2.92Xl0

15 
1.08X10

15 1.84X10 15 1. 70X1o 15 1.26 

6.95Xl0'" 8 l.llXl0- 8 3.75X10- 8 1.3 Xl0- 8 
2.94X10

15 
1.89X10

15 6.54Xio
14 

1.24Xl0 15 1.16Xl015 
0.985 

6Xlb- 8 8.95Xl0- 9 2.9 Xl0- 8 6.22Xl0- 9 1.99X10
15 

1.10X10
15 2.37X10

14 8.6 Xl0
14 

8X10
14 

0.8 

1.4 7X10 - 8 1.3 Xl0- 8 6.04X10
13 

6 X10
13 
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Figures 27 through 30 represent the pressures of nitric oxide, 

oxygen, and nitrogen present during reaction. Pressures were 

plotted against the rate of gas flow, or against the nitric oxide _pres

sure with a cold filament. Figure 31 shows the dependence of the 

partial pressures upon filament temperature. 

Figure 32 represents the probability that a nitric oxide mol

ecule that strikes a tungsten filament will disappear from the gaseous 

phase by some reaction. The e should range from 0 to 1: as can be 

seen, it exceeds 1 at 2525 °K for nitric oxide pressure less than 
-8 0 . -7 

3Xl0 _ atm and at 2600 ·K for pressure less _than 10 atm. This 

evidently is due to a systematic error.- Part of this error can be 

attributed to the dissociation of nitric oxide molecules on the filament 

connectors. These curves of log e vs log pressure are linear, with 

slopes of about -0.20, at all temperatures and pressures studied; 

e was always greater than 0.1. 

Figures 33 through 37 represent the rate of nitric oxide loss 

and the rates of formation of oxygen and nitrogen from the decomposition 

of nitric oxide as a function of pressure._ 

Figures 38 through 42 represent the rates of oxygen and tung

sten loss as functions of pressure .. The ratio of R
32 

(net) to Rw(net) 

increases with temperature in the manner shown in Fig. 43. The 

rapid increase of the ratio must be due to the evaporation of atomic 

oxygen from the filament surface. The atomic oxygen is believed to 

be lost by reaction at the walls of the vessel. 

Table XXVI shows how the pressure dependence ofthe various 

rates, and of the reaction probability, vary with temperature .. The 

pressure dependence of the rate of nitric oxide decomposition and the 

reaction probability are nearly independent of temperature.- The 

pressure dependence of R
32 

(net) and Rw (net) goes from 1 to 0. 7 as 

the temperature increases from 2050 to 2600 °K. 

Table XXVII shows how the apparent activation energies 

depend upon pressure.- For nitric oxide decomposition the values are 

remarkably. constant (35. 2 ± 1. 2 kcal/mole). 

.. 
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Fig. 30. Partial pressure of gases in reaction vessel as a 
function of nitric acid flow rate at 2525 °K. 
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Fig. 33. Rates of nitric oxide reaction, and nitrogen and oxygen 
generation, as a function of nitric oxide pressure in the 
reaction vessel, for T = 2030 OK. 
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reaction vessel, for T = 2230 °K. 
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Table XVI. Pressure dependence of data 
for the tungsten-nitric oxide reaction. 

Temperature 
Pressure dependence . n 

OK 
R30 e R

32
(net) R (net) 

w 

2050 0. 760 0.20 0.90 l.OO 

2230 0. 783 0.24 0.99 

2335 0. 766 0.24 0.84 0.84 

2525 0.840 0.20 0.67 0.67 

2600 0.893 0. 73 0. 73 
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Table XXVII. Apparent activation energies for the tungsten-nitric oxide 
reactionas a function of pressure . 

. ' l : . ' ~ ' . . ; • . ~ j 

Nitric oxide 
pressure(atm) 

10- 6 

10- 7 .·· 

10_: 8 

. Apparent Activation E-nergy (kcaLjmole) 
R

30 
. E R 32 (net) Rw(net) 

36.5 35.1 4.95 0 

37.8 34.7 
9.3 (2050-2335 °K) 6.?.. 

30.8 (2335.:.2600°K). 

33:5 35:1 
1'2.5 (2050~ 2230 °K) 0 . (2050-2335 °K) 
37.1 (2230- 2600 °K) 22.5(2335~2600 °K) 

33.9 
1t.5 (2050-2230 °K) 0 (2050- 2335 °K) 
51.5 (2230-2600 °K) 54 (2335- 2600 °K) 



Figures 44 and 45 are. graphs of log R 30 and logE vs i/T at 

constant pressures. No pressure dependence is found for the apparent 

activation energy; 

Figure 46 shows Rw(net) and R
32

(net) as functions of temper

ature at constant pressures. As can .be seen from these curves and 

Table XXVII, the apparent activation energy depends upon botl;i 

temperature and pressure. At 10-
6 

atm it is 0 to 5 kcal/mole. It 

increases to about 50 kcal/mole as the pressure decreases to 10- 9 atm 

for temperatures greater than 2335 °K, but increases only to 12.5 

kcal/mole for temperatures less than 2230 °K. 

D. Discussion 

1. Nitric Oxide Decomposition 

The reaction probability E was found to decrease as the 

pressure increased. One would expect such behavior if the number of 

sites on the surface available for. decomposition depended upon pres

sure. The high rate of wo
3 

formation discussed in a succeeding 

section argues for the assumption that first-layer coverage is complete 

and that these sites are probably second-layer adsorption sites. As 

the pressure is increased, the number of second-layer sites available 

to incoming gas molecules for decomposition decreases. If we assume 

that E is a function of l-8, where () is the fraction of second-layer 

sites covered, then for ()= 1, E. is close to zero; for ()=0, E is large. 

The coverage depends upon the pressure, so that when the pressure 

increases ()also increases. 

The fraction of surface covered when diatomic molecules 

dissociate on a surface at constant temperature is given
38 

by 

() = 
aPl/2 

For a~/2 << 1, the expression becomes 8 :: aP
1

/
2

. 

The isothermal rate of adsorption of nitric oxide as molecules, 

v, should be given 38 by 

v = C l p( 1-aJ?l/ 
2

) exp[ -E/RT). 

The rate of decomposition of nitric oxide then should be expressed 

by 
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1/2 R
30 

= c
2 

P(l-aP ) exp[ -E/RT], 

where E is the activation energy for the decomposition of nitric oxide. 

The reaction probability is given by 

E = c 2 (l-a:p1/ 2 ) exp[ -E/RTJ. 
v 

The constant c
2 

was calculated from the theory of absolute reaction 

rates by assuming the ratio of the partition function of the activated 

complex, fF, to the partition function of the adsorption site, f , to . s 
be unity. The calculated ratio differed from the measured ratio by 

a factor of 1 o5. This suggests the reasonable conclusion that the 

activated complex has more degrees of freedom than the adsorption 

site. 

Even though it was not possible to calculate the correct con

stant, the agreement of the predicted pres sure dependence with ex

perimental data is good. This agreement strengthens the postulate 

that the adsorption of the molecule is the rate -determining step and 

that the dissociation of an adsorbed molecule is rapid when nitric 

oxide decomposes on tungsten filaments. 

The rate of decomposition of nitric oxide can be represented 

by 

R 30 = 4.44X 10
26 

p(l-624P
1
/

2
) exp[ -35200/RT] 

in the nitric oxide pressure range from 10~ 8 to 10- 6 atm and in the 

temperature range from 2050 to 2600 °K. 

The rate of generation of nitrogen gas is given by R 28 = (1/2}R30. 

The probability that a nitric oxide molecule that strikes the surface 

will disappear from the gaseous phase is given by 

e = L6x 10
3 

(l - 624 P
1

/
2

) exp[ -35 200/RT] , 

where P is the nitric oxide pressure in the reaction vessel with the 

tungsten filament hot. 



2. Tungsten Oxidation by Nitric Oxide 

The rate of wo3 formation should depend upon the concen

tration of the oxygen atoms to-the third pow~r, if only a small. 

fractional coverage of the fir:st-layer sites is involved. The rate of 

wo3 formation. then would depend upon the nitric oxide pressure to 

the third power for low surface coverage. However, the higher rate 

of wo3 and atomic oxygen formation found for the nitric oxide reaction 

suggests that surface coverage is relatively high during the nitric 

oxide reaction. The concentration of oxygen on the surface can 

ther~fore be expected to show a lesser dependence upon the nitric 

oxide pressure.· The experimental dependence varies from 0. 7 to l. 

Such a low dependence -suggests that the rate -determining 

_ stepmay be arrival of an oxygen adatom in the second adsorption 

layer above a tungsten atom already bonded to two oxygen atoms in 

the first layer. This would mean that the activated complex would be 

0-W02. The pressure dependence would be the same as for the 

decomposition of nitric oxide, since that is what determines the arrival 

rate of oxygen atoms. The rate of tungsten loss or wo
3 

formation 

should_then be given by a relationship of the form 

l/2 -.6.H/RT R' (net} = C(l-aP }Pe . 
w 

For the corresponding equation that describes nitric oxide 

decomposition both a and .6.H are constant. To describe the observed 

. rate of tungsten loss a and .6.H must be written as functions of tem

perature. The rate of tungsten loss can be represented by 

. RW(net) =A P' exp [- (E~;n) 1 , 
where a. is a function that is proportional to the coverage of the· 

surface by oxygen atoms,· and .6.H = E-ba. 

Since the rate of tungsten loss depends upon the concentration 

of oxygen atoms on the surface, a relationship for a., which depends 

on pressure and temperature in a manner similar to that found for 

the tungsten-oxygen reaction, can be expected . .-The -coverage function 

from the tungsten-oxygen reaction cannot be used fo-r the tungsten

nitric oxide reaction, , 



however, because the nitric oxide reaction produces a coverage by 

oxygen and nitrogen atoms that is much higher than for a corresponding 

pressure and temperature in the tungsten-oxygen reaction. This 

difference is evident from the fact that the rate of tungsten loss for a 

given nitric oxide pressure is about three times that for the corre ~ 

sp-ondin:g oxygen pressure. 

·Dependence of the activation energy on coverage would be ex

pected if interactions between the adsorbed atoms were signifi'cant. 

Then we have .6.H = E-bu, where E is the activation energy f~r com

plete monolayer and negligible second-layer coverage. 

The coverage factor was found to be represented by 

a = 0.15 exp[ 8000/RT], and to be nearly independent of pressure. The 

E!xperirriental relationship for the activation energy was found to be 

.6.H = {1-u) 7 5 kcal/mole. 

The rate of tungsten loss can then be given by 

R (net)= 8.5X10
21 # exp[ -(1-u)75000/RT] 

w 

in the nitric oxide pressure range of lo- 8 to lo- 6 'atrnandthe'filament 

temperature range from 2050 to 2600 °K. 

The discrepancy between the expected relationship for the rate 

of tungsten loss and the actual relationship may arise because the 

nitric oxide decomposition is insensitive to what lies below the in

coming nitric oxide molecule in the first adsorbed layer, but the. 

products of decomposition- -monatomic oxygen or wo3- -depend upon 

what the nitric oxide molecule strikes. Thus, if the fraction of first

layer coverage by nitrogen atoms changes with temperature or pres~ 

sure, therate of wo3 formation can show a different pressure de

pendence than does nitric oxide decomposition. 

The increase above 3 in the ratio of oxygen atoms lost to 

tungsten atoms lost must be attributed to the evolution of atomic

oxygen .. · The rate of atomic oxygen evolution can be given by R(O) = 

. R 32;(net) -- ~. 5 ~w(ne.t) o~ ;R(O') = (40(1 ~600 p~( Z.) exp(:.:9-5;no/R.T]:,..l. 5)Rw(ne.tL 

. th ' \ f 1 0 ~ 8 10- 6 t . . . d d th 1n . -e .pres sure range rom to a m n1tr1c ox1 e _an e 



temperat:ure range from 2050 to 2600 °K. The R(O}, is. essentially 

negligible at 2050 °Kfor a nitric oxide pressure of l0- 6 at,m. 
. . 

If the atomic oxygen comes from the decomposition of" nitric 

oxide in the second ac?-sorption layer, then the observed pressure 

and temperature dependence are understandable. A nitric oxide 

molecule that strikes the surfac~ is ;initially physisorbed. The 

probability of decomposition to chemisorbed atoms is high. Because 

of the very high bonding energy in N
2

, desorption of N
2 

probably 

results readily when a second--layer nitrogen atom comes into contact 

. with either another second-layer nitrogen atom o~ a first-iaye~ 
nitrogen atom. Oxygen molecules and oxygen atoms probably desorb 

chiefly from second-layer sites. 

The rate of atomic oxygen evolution then should be proportional 

to the number of nitric oxide dissociations, that is, 

. 1/2 
R(O} = C P (1-aJ? } exp[ -~H/RT) . 

This relationship results because the activated complex pre

sumably consists of a nitric oxide molecule adsorbed in the second 
' ' 

layer. · The number of collisions of nitric oxide molecules with the 

surface depends upon. the pressure to the first power, and the number 

of collisions that result in dissociations must depend upon the con

centration of available second-layer adsorption .sites. 

:rhe predicted relationship does not have exactly the same 

pressur~ dependence as observed experimentally. The discrepancy 

may well be due to a. change in the number of first~layer sites 

occupied by oxygen rather than by nitrogen. 

The reas·on that more atomic oxygen is evolved by the nitric 

oxide -tungsten reaction than for the oxygen-tungsten reaction is that 

nitric oxide decomposes much more completely than does oxygen. 

The evolution of atomic oxygen is negligible with either gaseous 

reactant below 2000 °K. At about 2600 °K the rate is about 4 times 

as high for the nitric o'xide -tungsten reaction as for the oxygen

tungsten reaction. 
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The rate of oxygen loss is given by the relationship 

R 32 (net)= 3.4XI0
23 

(1-600 P
1
/

2
) exp[ -9500/RT] exp t (l-u)~~ OOO J , 

with pressure in atm of nitric oxide over the region of investigation. 

Figures 32 through 42 have the derived equations dra:wn on 

them to show their agreement with the experimental data. 

E. Conclusions 

l. The rate of decomposition of nitric oxide on tungsten is controlled 

by the adsorption of nitric oxide molecules on the surface, and is 

given by 

'R3 ~ ~ 4.44x'lo
26 

P(l-624P
1

/ 2 ) exp[ ~35~00/RT) . 

. l'he probability that a nitric oxide molecule that strikes a filament 

will disappear from the gas phase is expressed by 

E = L6xlo
3 

(1-624P
1
/

2
) exp[~35200/RT] 

in the nitric oxide pressure range lo- 8 to 10:-6 atm and in the tem-
.. . 0 

perature range of 2050 to 2600 K. 

2. The rate of weight loss by tungsten filaments or rate of tungsten 

trioxide formation is controlled by the concentration of oxygen atoms 

on the surface, and can be represented by 

. Rw(net) = 8.5x 1021 pu exp [- (1-a~7i 000 J 
The activation energy for the process is dependent upon concentration 

of atoms on the surface and is given by the relation ~H = 7 5(1-a.)kcal/mole, 

where a. = 0.15 exp[ 8000/RT], and 7 5 kcal/mole is the activation energy 

for a complete first-layer and. negligible second-layer coverage. · The 
-8 -6 above relations apply in the nitric oxide pressure region 10 to 10 

atm and the temperature region 2050 to 2600 °K. 

3. Above 2050 °K the evolution oLatomic oxygen is measurable and 

is given by the relationship 

R(O) = [ 40(1-600 P
1

/
2

) exp[ -9500/RT] - 1.5] R 
w 
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4. The rate of oxy~en loss is give11 by the relationship' 

. 23 a l/2 [ I [ (1R-uT)7 5 ooQl R 32 (net) = 3.4X 10 P (1-600 P )exp -9500 RT] exp [ j 

in the nitric oxide pressure range from 10- 8 to 10-
6 

atm and in the 
. 0 

temperature range from: 2050 to 2600 K. 

5. The rate of tungsten loss from nitric oxide attack is about 3 times 

that for the corresponding pressure of oxygen. 

6. The data are consistent with the assumption that the surface is 

·completely covered by a layer of adsorbed atoms at all temperatures 

· and pressures of the study. Decomposition of nitric oxide occurs in 

the second layer, and atomic oxygen is evolved from the second layer. 
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APPENDICES 

A. Symbols and Constants 

The following are the principle symbols and constants used in 

this paper. 

A 

Af· 
A 

p 
D 

d 

E(0
2
}-

F 

K 

. L 

.6-L -

M 

N 

N
1
(0)

N2(0)-

n 

p 

Po 
Pza -
p30 = 

P3z· = 

Q 

Qo 

R 

Ro 
Rt 

R 
w 

area of pump hole. 

area pf filament. 

·· effective. pump-hole areq., 

density of a uniform tungsten filament (=19.3 g/cc). 

diameter of a tungsten filament. 

rate of evaporation of Olz molecules which are 

chemisorbed per em • 

rate of gas flow through a tube. 

Clausing factor; 

measured filament leiigth '(em) . 

length of end effects for a filament . 

molecular weight. 
23 

Avogadro 1 s number (6.023Xl0 molecules/mole). 

No. of chemisorbed oxygen adatorns in the first layer. 

No. of chemisorbed oxygen adatoms in the second 1ayer. 
3 

··No.· of molecules per em 

pressure in·,vessel after tungsten filament is heated. 

gas pres sure in vessel before tungsten filament is heated. 

nitrogen pressD:re, tungsten filament hot, 

·nitric oxide pres sure, tungsten filament hot. 

oxygen pressure, tungsten filament hot. 

rate of gas flow into the system {atm 1/sec). 

rate at which gas returns from pump to reaction vessel. 

gas constant (620364 mm/°K g mole). 

resistance of a tungsten filament at initial time 0 (ohms). 

resistance of a un:iform tungsten filament at time t. 

average loss rate of tungsten atoms due to reaction 
-l -l 

(atoms sec em ). 



. R (net) 
w 

1 
R 32 
s 
sl 
s . 

2 
T 

v 
a 

v 

w 
D.W 

E 

v 

p 

<l>lh 

-· 

average loss rate of tungsten atoms due only to 

nitric oxide reaction. 

rate of tungsten oxide formation pr evaporation. 

rate of nitrogen gene ration. 

rate of disappearance of nitric oxide due to· 

reaction. 

average rate of disappearance of oxygen molecules 

due to reaction. 

average rate of disappearance of oxygen molecules 

due only to nitric oxide. 

rate of oxygen generation. 

pump speed of pumps (1/sec). 

sticking probability in the first layer. 

sticking probability in the second layer. 
0 temperature ( K). 

arithmeticaLaverage velocity. 

. volume of reaction vessel. 

wei.ght of filament. 

weight of a tungsten filament due to reaction. 

the probability that a molecule that strikes the 

tungsten filament will react (pumping efficiency). 

rate at which molecules strike a surface. 

resistivity. 

energy of adsorption per .molecule of 0 2 which 

.. is converted to 2 adatoms in the first layer. 

energy of adsorption per.molecule of 0 2 which 

is converted to 2 adatoms in the second layer. 



}' 

B. Theory of the Rate of Evaporation or Formation 

of W0
3 

from Beckel', Bec~er, ~nd Brande,s. 

One expects the rate of evaporation of wo
3

. to be give·n by the 

relation E(W0
3

) = Cf(N
1

N
2

) exp(-<j>ev/kt), where Cis a constant, 

f is some function of ,N 
1 

and N
2

, . ahd <j> ev = ene :tgy of formation and 

evaporaVon o~ wq3 from w. ·, . . . ·. ,· 2 
From previous, studies, Becker, Becker, and B_randes found 

that the energies of adsorption and desorption and the condensation . - . . . 

coefficients of oxygen on tung~ten are. quite different, .depending on 

whether the oxygen atom is chemisorbed in the first or second layer. 
. -8 -5 

They also f0und that in the pressure range 10 to 10 ·· mm Hg, and 

at temperaturesfrom 1000 .to 2400 °$, OJ1:ly a monolaxer is formed. 

From 1000 to 1500 °K th,e first layer is complete while the seq>nd 

la..yer is partially occupied. 

When two adatoms in .the first layer combineto form:an 

admolecule of oxygen,energy <j>lh mustb~ supplied; the probability 

that such an admolecule will evaporate is (I - S); the probability that 

it will break up into two adatoms is S. · The energy needed to make 

the admolecule evaporate is negligible. ·In a steady stat~.' E(02 ) is 

given by vPs, where v is the arrival rate from the gas onto 1 cm
2 

of tungsten, with P = 1. 0 mm and T = 300 °K. The evaporation rate 

is given by an equation of the form 

where N 
1 

is the concentration of oxygen atoms in the first layer, S 

is the condensation coefficient in the f~~st layer, and <j>lh is the energy 

of adsorption per molecule of oxygen converted to two adatoms in the 

first layer. The probability of the collision of two surface atoms ln-
. ' 2 

creases as N 
1 

, and the fraction of surface covered is given by 
' 

fJ l = N 1/N 1m' where N 
1

m is the number of atoms in the filled first 

layer. Under steady-state conditions we ha've 

vPS1 = E 1 (o2 ) = c 1·(N 1m)
2 e1

2
(1- s 1 ) exp[ -~lh e/kT{. 
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C 
1 

can .be computed if the values for temperature and pressure 

are known for 8 l = 1.0. Let the temperature be T l and the pressure 

be P l when 8
1 

= 1. 0~ Then solving for C l under these conditions '1: 
yields 

2 1 1 
El (Ot = v P 1S 1 8 1 exp((q,ih e/k) (Tl - T)} 

Becke~ et al. found <j>lh to be about 4.6 ev for a single-·crystal tungsten 

ribbon, and they were able to evaluate,:P 
1

, T 1, and S 1. 
. 26 2 I · 

They found E 1 (02 ) = 5 X 10 8 1 exp[ -cfilh e kT]. 

For the second layer and for steady state, 

where s
2 

is the condensation coefficient in the second layer, N
2

m is 

the number of adatoms that complete the second' layer, cl>zh is the 

energy of adsorption per molecule of oxygen converted to two ·adatoms 

in the second layer, and 8 2 is the fraction of coverage in the second 

layer. Solving for c
2 

when 8 2 = 1 at P 2 and T 2, one obta:lns the 

·equation 

1 1 
exp{cp2h e/kT] ( T - T ). 

. 1 

For Becker' s conditions, the rate of evaporation from the second 

layer is 

The rate of evaporation of W0
3 

.from the first layer only is 

given by 

where c 3 is a constant and cplev is the heat of formation and evaporation 

of wo3 molecules that are adsorbed on tungsten atoms not bonded to 

oxygen atoms .. From the character of the surface, this means 

8 l < 0. 5 .. The num~er of oxygen molecules conv~rted to W03 per 

sec is 1. 5E(W0
3

). As a result, 8
1 

can be expressed in terms of 

E(02 ) at steady state. Then 

;. 

T 



,_, 

'~ 

e 3 = 
1 

... J 3-l-, 

exp[-l.5(¢ih e/kT)] 

For Becker' s conditions, C 4 . = 1/ (5 X 1 o
26

) l. 
5 

. The rate at which 

oxygen molecules strike the surface per sec is vP. The reaction 
I 

probability is defined as_ 

E. : 
Rate at which oxygen molecules are converted to W03 
Rate at which oxygen molecules strike the surface 

Thus, for the first layer, the reaction probability is 

= c c p(o. 5 )s (1. 5 ) (0. 5 ) [ (1 5 rh - rh ·) /kT] 
e 1 3 4 ' 1 v exp · '1' 1 h '~'lev e · 

Under the conditions of Becker 1 s experiments, 

e 1 = 0. 011 P
0

· 
5 

exp [ (1. 5¢ lh - <Plev)e/kT]. 

Becker et al. found that ¢
1 

was 5.7 ev. Therefore, 
ev 

e 1 = 0. 0 llP
0

· 
5 

exp[ 1. 2e/kT]. This equation applies only in the region 

for which 8 l < 0. 5. The temperature range is therefore 2000 to 
0 -8 . -5 

2400 K for pressures of 10 to 10 mm Hg. The temperature for 

which e1 is less than 0.5 increases as the pressure is increased. The 

estimate by Becker et al. that the activation energy is 1. 2 ev agrees 

quite well with Eisinger' s data in the temperature range 2000 to 

2400 °K. 

The rate of evaporation of wo
3 

from the first layer is given 

by 1.5 R 1 (W0 3 ) = vP(0
2

)e 1. Thus the rate is given by 

C 3 C 4 pl. 5 S 1 1. 5 v 1. 5 e xp [ ( 1. 5 <P 1 h- <P 1 e v )/ k T] e 

1.5 

From experimental data, R
1
(wo

3
)1. 5 = 2.6xlo 18pl. 5 exp[ l.2e/kT]. 



In the other extreme case, in which the first-layer coverage 

is complete and the co"verage of the second layer is from 0. 01 to 0. 5, 
.· ·. 2 . 

Becker, et aL found L 5E(W03) = C 
5
e 18 2 exp( -<j> 2ev e/kT), where 

<1>2ev is the energy of formation and desorption of wo3 fromthe 

second .. layer of oxygen. They estimated <1>
2 

· = 3A ev .. The · 
ey 

probability that an ·oxygen molecule that strik.esthe second layer 

will react to form wo3 is E 2 =constant e 1 e~p[- (<j>2ev- <l>zh)e/kT]' 

where <1> 2h is the energy of adsorption per molecule of oxygen that 

is converted to two adatoms in the second layer. For Becker' s 

conditions e 2 = 60 X e:Xp[-L le/kT]. The energy, L 1 ev, .agrees 

very well with Eisinger's and Langmuir's data
7 

in the high-coverage 

region. For Eisinger's data, 
1 

it applies in the temperature range 

of 1200 to 1600 °K. 

This theory predicts the correct dependence of the oxidation 

pressure in two regions of oxygen coverage: 

(a) when the first layer is from 0 to about 0. 5 complete; 

(b) when the first layer is complete and the second layer is 

between 0.01 and about 0.5 complete. 
-8 . -5 ' '• . . 

In Becker's pressure range 10 to 10 mm and the tern-
. . . . 0 
perature range from 1600 to 2000 K, the coverage exceeds 0. 5 in 

the first layer and is less than. 0.01 in the second layer. As a result, 

':in' thi~ region, the heat of conversion of oxygen to two adatoms 

change.s from 2. 3 to 4. 6 ev as temperature increases and <j> for 
ev 

wo3 increases from 3A to 5. 7, At some temperatures, the apparent 

activation energy becomes zero and the reaction probability reaches 

a maximum and becomes independent of temperature. Becker et aL 

predict that at this point e will depend approximately upon P 1/ 
4

. 

Also, if the _pressure is increased, the temperature of the maxima 

will be increased. 
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